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The blood sugar time curve after epinephrine injection in rabbits has 
been reported in the literature, but none of the work has been carried on 
with a dose in any way proportional to the body weight. Bang (1) used 
1 mgm. per animal, and Cori and Cori (2) 0.5 mgm. per animal. Nor has 
there been a precise description of the blood changes during the first hour. 
Further, it does not seem to us that a sufficient number of observations 
was made to establish a blood sugar time eurve. 

In the present paper, the blood sugar samples were taken at short enough 
time intervals to establish more precisely the trend of the blood sugar 
changes during the first hour after the injection of 0.25 mgm. per kilogram. 
Also, observations were made at the 30-minute interval, after injection of 
several other doses. 

The rabbits used were selected with regard only to physical condition. 
The animals were fed on a mixed diet of hay, oats, alfalfa, and molasses. 
They received carrots twice a week, and water on the other five days. 
They were confined in individual cages, 12 by 16 by 20 inches, during the 
period of observation in the laboratory, and while in the animal room. 

An inanition period of about 24 hours preceded the epinephrine injection. 
The blood samples were obtained from the marginal ear vein after hyper- 
emia was produced by the application of a small quantity of xylene. 

The total reducing substance of the blood (blood sugar) was determined 
by Somogyi’s (3) micro-modification of the Shaffer-Hartman method (4), 
using Somogyi’s alkaline-copper-iodine reagent no. 1, described by Peters 
and Van Slyke (5). 

The adrenalin uséd was the product of Parke Davis Co. It was diluted 
with 0.9 per cent sodium chloride, so that 1 ec. of the resulting mixture 
contained the dose to be injected per kilogram body weight. The injec- 
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tions were made subcutaneously in the region of the flank or the abdomen. 
The injections were followed by a mild massage. 

V N-1’ 
than the standard deviation, was used, for the reasons outlined by Scott 
(6). When the means of the different series are compared, the mean 


lor measuring the precision, the mean deviation e = rather 


€ 
deviation of the mean ey = —7=> was employed. 


VN 
In the first set of observations, for determination of the time curve, the 
initial blood sugar was determined before injection of 0.25 mgm. per kilo- 


Fig. 1 

Fig. 1. Blood sugar time curves for rabbits after subcutaneous injection of epi- 
nephrine. Curve 1. Bang. After subcutaneous injection of 1 mgm. per animal. 
Curve 2. Cori and Cori. After subcutaneous injection of 0.5 mgm. per animal. 
Curve 3. Results of present investigation, after subcutaneous injection of 0.25 
mgm. per kilogram body weight. The vertical lines represent the precision with 
which the several points were established. The length of the lines represents €m. 

Fig. 2. Percentage change in blood sugar in rabbits } hour after subcutaneous 


injection of various deses of epinephrine. 


gram of epinephrine and blood sugar samples were taken at 5, 10, 15, 30, 
45, 60, 90 and 120 minutes after injection. 

In the second set of observations, the determination of the dose curve, 
the initial blood sugar was taken, and blood samples taken one-half hour 
after the subcutaneous injection of 0.05 mgm., 0.1 mgm., 0.25 mgm. and 
0.4 mgm. per kilogram body weight. 

In figure 1, the change in the blood sugar concentration is plotted against 
the time after epinephrine injection. Each point is the mean of 50 observa- 
tions. 

The initial blood sugar value of 106 mgm. per 100 ec. of blood compares 
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with the values varying from 102 to 106 mgm. per 100 ee. for different 
groups of rabbits, as obtained by Dotti (7). 

The 15-minute blood sugar value showed a rise of 46 mgm. per 100 ce. 
of blood, which does not agree with the work of Bang (1), who showed no 
change at this time interval, although he apparently used almost twice the 
dose. 


The curve in figure 1 shows a continued rise in the blood sugar up to 2 


hours after injection, the rate of change being greatest during the first 15 
minutes, and becoming progressively less during the remainder of the time. 
This is roughly in agreement with the work of Cori and Cori (2) though the 
time intervals selected by these authors were so great that a smooth curve 
could not be shown. However it does not agree with the work of Bang 
(1), who obtained the greatest rate of change in the 60 to 90 minute inter- 
val (see fig. 1). 

Figure 2 shows the relationship of the percentage change in the blood 
sugar level to the epinephrine dosage 30 minutes after the administration. 

The graph indicates a progressive rise in the percentage change of the 
blood sugar, as the dose is increased. There was no flattening of the curve 
with the doses studied. With the doses used, the maximum effect of the 
epinephrine was not reached. The rate of change was greatest between 
0.25 mgm. and 0.4 mgm. This may partially account for the higher 
blood sugar values obtained by Bang (1) after the 60-minute interval, 
since he apparently used greater doses. 

Apparently from this work the rabbit is more sensitive to epinephrine 
than is the rat (Hrubetz, 8), for the curve given by the rabbit at this 
dosage crosses that of the rat after 0.4 mgm. per kilogram, 45 minutes 
after the injection. Moreover, though the blood sugar has reached a 
value of 309 mgm. (see fig. 1) per cent at two hours, it apparently has not 
reached its maximum. The rat on the other hand, after the much larger 
dose only reached a maximum value of 230 mgm. per cent, and at 2 hours 
was definitely descending. 

Furthermore, in the rat doses over 0.2 mgm. per kilogram failed to raise 
the blood sugar above the level induced by that dose } hour after the 
injection (Hrubetz, 8). The rabbit, on the other hand, continued to 
respond to larger doses by an increased blood sugar concentration up to 
0.4 mgm. (see fig. 2). Greater doses than this were not studied, though 
there was no evidence that the limit response had been reached. 

The sensitivity of the rabbit to insulin was determined by incidence of 
convulsion after the injection of 2 units of insulin per kilogram body weight 
(Dotti, 7). 

No relationship was found between the animal’s response to insulin and 
to epinephrine. It may be noted, however, that the females showed a 


3 
C. 


CATALDO J. COLETTI, JR. 


greater convulsive response to insulin than the males, which is in accord- 
ance with the work of Dotti (7). 


and advice given throughout this investigation. 
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since Richter (1) and Pencharz, Hopper and Rynearson (2) have shown 
that postlobectomized rats always exhibit a permanent polyuria, a natural 
supposition is that polyuria should appear in hypophysectomized rats on 
anterior lobe replacement therapy. Pencharz and collaborators were 
unable, however, to obtain any such effect; the present report presents a 
confirmation and extension of their work. 

1. Effect of anterior lobe administration on urine output of normal and of 
diabetes insipidus (postlobectomized) rats. The postlobectomized rats were 
operated by Doctor Pencharz about a year before these experiments. 
The animals were kept in individual collecting cages with water but no 
food for 21 hours daily. For 6 days at about the middle of the 25 day 
period each animal received intraperitoneally 0.2 cc. per 100 grams of an 
acid extract of beef anterior lobe, prepared according to Loeb and Bas- 
sett (3), each cubic centimeter representing 0.25 gram of fresh tissue. 
The average 21 hour urine output of the 3 normals before treatment was 
6.0 cc., during treatment 6.6 ce. and after treatment 6.4 ec.; corresponding 
figures for the 4 postlobectomized were 25, 22 and 26 ce. 

2. Effect of anterior lobe and of anterior lobe plus thyroid on the urine output 
of hypophysectomized rats. Four rats, operated about a year previously 
by Doctor Pencharz, were kept in collecting cages 12 hours daily. In all 
cases 0.2 to 0.5 ec. of anterior lobe extract per 100 grams for 2 to 4 consecu- 
tive days slightly diminished urine output (4.0 to 3.2 cce.). No change was 
produced by 0.01 gram desiccated thyroid per 100 grams by stomach tube 
daily for 4 consecutive days. With combined anterior lobe (0.5 ce. per 
100 grams) and thyroid for seven consecutive days 1 animal showed a 
definite rise (4.5 to 10 ec.), the others no change or a slight fall. 

a Eff ct of anterior lobe and of thyroid plus anterior lobe on basal metabo- 
lism and urine output of normal and hypophysectomized rats. To test the 
possibility that an increasé in basal metabolic rate may be an essential 
condition for a diuretic response to anterior lobe administration the urine 
outputs of 4 normal and 4 hypophysectomized rats were followed in re- 
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sponse to anterior lobe and to thyroid plus anterior lobe administration, 
while basal oxygen consumption was followed on 2 of each series. Two 
of the hypophysectomized rats were operated by Doctor Pencharz, 2 by 
Dr. Jane Russell; the basal metabolic rates were determined by Dr. R. E. 
Fisher. Urine collections were made for 15 hours daily. The average 
15 hour urine output of the normals before treatment was 4.8 ec., during 
a 7 day period of 0.5 ec. anterior lobe extract per 100 grams daily 3.5 ec. 
and during a 5 day period of anterior lobe plus thyroid (0.01 gram per 
100 grams) was 3.8 ce. Corresponding figures for the hypophysectomized 
rats are 6.0, 3.2 and 3.8 ec. In the 2 normals followed, original basal 
oxygen consumptions were 123 and 132 ec. per 100 grams per hour, were 
raised by anterior lobe administration to 157 and 153 cc., and on adminis- 
tration of anterior lobe plus thyroid were 142 and 153 ce. Corresponding 
figures for the 2 hypophysectomized followed were 104 and 88, 104 and 
140, 140 and 182 cc. It is thus seen that a failure in the rat of diuretic 
response to anterior lobe and to anterior lobe plus thyroid cannot be as- 
cribed to a failure of increase in basal metabolic rate. 

In no case did anterior lobe administration increase urine output of 
normal, of postlobectomized or of hypophysectomized rats; there was 
rather a decrease. Thyroid administration did not increase the urine 
output of normal or of hypophysectomized rats. Thyroid plus anterior 
lobe administration was without significant effect on urine output of nor- 
mal rats; in 1 case of 7 in hypophysectomized rats it was accompanied by 
a significant increase in urine output, in the other 6 by a fall of variable 
extent. It is obvious that the rat is much less sensitive than the dog to 
the diuretic action of beef anterior lobe extract; it rather resembles the 
monkey (4). 


SUMMARY 


The rat does not respond as does the dog with an increased urine output 
to administration of beef anterior lobe extract or of anterior lobe plus 
thyroid. The usual response of urine output of normal, of postlobee- 
tomized and of hypophysectomized rats to administration of anterior lobe 
extract alone or with thyroid is no change or a decrease. Failure of 
increase in urine output cannot be ascribed to a failure of increase in basal 
metabolic rate. 
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Although the internal environment of the human body is kept constant 
within remarkably narrow limits, yet this constancy is not necessarily 
maintained by any immutability of the individual factors concerned, but 
is rather due to the fact that their resultant tends to remain unchanged. 
Therefore, we may expect that the term “physiologic constant,’”’ so often 
applied to these single factors, may merely reflect upon the technic or 
sensitivity of the apparatus used for their determination. Thus, the 
tension of COz in the alveolar air of a man awake is generally stated to be 
constant. However, Porges (1911), Erdt (1915), Essen et al. (1921), 
Dodds et al. (1921a, b, c; 1923), Endres (1922), Veil (1922), Jansen and 
Karbaum (1926), and Lewin (1926) claimed that this is only true of a 
fasting human subject until he partakes of food. Then, because of the 
secretion of gastric juice and the consequent loss of hydrogen ions from 
the blood, an alkalemia is produced and the carbon dioxide of blood and 
alveolar air rises. Dodds (192la, b) also claimed that because of later 
pancreatic secretion and the resulting loss of alkali, an acidemia then 
occurs, and the carbon dioxide content of alveolar air falls. Following the 
reabsorption of the alkaline juices, equilibrium is again restored, and the 
alveolar carbon dioxide maintains a level until the subject eats again. 

I attempted to utilize these supposed changes in alveolar carbon dioxide 
as an index of gastric and pancreatic secretion in man, and first began the 
determination of the expected level of alveolar carbon dioxide in the fasting 
patient. However, I found that tremendous changes in the carbon dioxide 
content occur when fasting, especially during the time at which a meal 
would ordinarily be ingested. These results were so at variance with 
those of Dodds especially, that my original purpose was discarded in order 
to investigate the cause of these variations, especially since Dodds’ con- 
clusions had already been criticized by Brunton and Israels (1930), as were 
those of Erdt (1915) by Van Slyke et al. (1917). 

Meruop. A modification of the Haldane-Priestley (1905) method was 
utilized in collecting samples of alveolar air. A metal mouthpiece was 
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attached to a rubber tube 2.5 em. in diameter and 1.2 meter in length. At 
right angles to the side of the mouthpiece was a short side tube to which an 
evacuated 80 ec. gas tube could be affixed, with a minimal dead air space. 
The patient was instructed to respire through his nose until he was sure 
he was breathing at a normal rate and depth. This is a necessary pre- 
caution to prevent nervousness from affecting his respiration. When he 
felt that his respiration was quite normal, at the end of a normal expira- 
tion, he forcibly, rapidly, and completely, emptied his lungs, forcing out 
his reserve air into the tube. He then placed his tongue against the 
slotted mouthpiece to prevent leakage, and raised his hand. The experi- 
menter then turned the cock of the evacuated gas tube attached to the 
mouthpiece, and the last 80 cc. of air expired were removed for analysis. 
This procedure gives alveolar air samples which agree with the gas tension 
of arterial blood much better than either inspiratory samples or averages 
of both inspiratory and expiratory samples (Bock and Field, 1924). All 
analyses were made on the large model Haldane gas analyser, using approxi- 
mately 20 ec. of gas. 

This procedure for the collection of alveolar air is surprisingly accurate. 
Often, in order to check the accuracy of collection and determination, three 
consecutive samples were collected as rapidly as possible, and each sample 
was analyzed twice. The CO, content of the three samples usually 
checked within less than 0.1 per cent. However, it is necessary to employ 
intelligent subjects, and some previous experience in collecting the sample 
is preferable. Having found the average ward patient to be unsuitable fe 
these reasons, I have restricted this investigation to my colleagues and 
students. 

All determinations were made on the subject lying comfortably in bed 
or reclining in an easy chair and cautioned against moving except as 
necessary. This was done in order to obviate any possible changes in 
blood or alveolar CO2 due to excess production of CO, or acid by muscular 
activity, and to possible proprioceptive stimulation of respiration. Smok- 
ing was not permitted. The bladder was emptied every hour or two, and 
the subjects were warned against becoming drowsy. On a fasting patient 
it is preferable to make determinations every 10 or 15 minutes, because 
of the rapid changes that occur at times. In fact, it would often be of 
advantage to make analyses 5 minutes apart, but this is practically im- 
possible unless two operators and two sets of apparatus are available. 

When gastric contractions were recorded in some of the experiments, a 
small rubber balloon was tied to an Einhorn duodenal tube and swallowed. 
A water manometer was used for recording contractions. 

Resutts. The alveolar CO, curves of five fasting subjects are shown in 
figure 1. Great variations are apparent among the curves of different 
subjects, but it can easily be seen that a distinct drop usually occurs at 
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meal times, followed by a rise. The extent of these drops varies among 
the subjects, but is fairly constant in each one 


These eculiar variations of CO seemed inexpli able after the possibility 
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Fig. 1. The variations in alveolar CQO, in fasting subjects as compared to fed 


subjects 

of experimental errors was ruled out. However, because of the tendency 
of the curve to fall most dbout the time during which a meal is ordinarily 
ingested, it was thought that perhaps hunger pangs might be responsible 
A possible appetite secretion of gastric juice could not be blamed, for this 
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would have caused an alkalosis and a rvse in alveolar COs, rather than the 


observed drop \loreover, it would seem Impossible lor such 


the curves of two subjects with achlorhydria showed similar variations 
Carlson (1916) and Hoelzel and Wleitman (1927) stated that gastric 
hunge r contractions will markedly stimulate respiration, and Nechoroschew 
1929a, b) observed a disturbance of respiration during hunger contrac- 
tions in eats and dogs. That a correlation between gastric hunger con- 
tractions and respiration exists, Was verified in several subjects by recording 
gastric motility and respiratory movements simultaneously. 
Phe effect of gastric hunger contractions on respiration is quite variable 


Sometimes a relative iphea occurs during the contraction, to be followed 


hig. 2. Correlation of gastric hunger contractions (upper graph) and alveolar 
COs. (lower graph In per cent of an atmosphe re pressure ) At 6:35 p.m the rise 


is accompanied by a temporary diminution of contractions 


by polypnea and hyperpnea. Sometimes hyperpnea alone occurs during 
the contraction, so that the maximal respiratory effort) comeides with 
maximal gastric contraction. 

However, the relationship between respiration and hunger does not 
necessarily imply a stomulation of respiration, but merely a disturbance. 
It was necessary, then, to plot hunger contractions and the alveolar COs. 
simultaneously, as was done in several subjects, with the usual result as 
shown in figure 2, which indicates that coexistent with a period of hunger 
contractions, there must exist a true stimulation of respiration, since 
alveolar ‘Oe is lowered. 

If hunger contractions are then correlated with a stimulation of respira- 
tion, the abolition of those contractions should result in a more constant 
alveolar CQs level. In order to inhibit hunger, I allowed subjects to eat 


their regular meals (F and I, fig. 1) and to ingest a glass of milk and two 


large 
quantities of a il to be seereted by a fasting subject so rapidly as to produce 
these marked changes in the COs equilibrium of the blood Besides this, 
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Uneeda crackers every hour (G and J, fig. 1). The constancy of the curve 
always obtained by this means supports the idea that hunger is probably 
responsible for the drops in the fasting subject. 

Discussion. Since during hunger contractions, there exists a dis- 
turbance of respiration accompanied by a drop in alveolar CO, tension, we 
may postulate that hunger contractions actually stimulate respiration, 
perhaps through activation of sensory end organs in the stomach wall, 
which either directly stimulate the respiratory center, or merely increase 
its sensitivity to COs. This hypothesis is supported by the fact that each 
individual hunger contraction is accompanied by a simultaneous effect 
upon respiration, as if a nervous mechanism were at work, i.e., a visceral 
control of respiration. Essen et al. (1921) also noticed marked variations 
in alveolar CO, during fasting, which disappeared following pyloric resec- 
tion. This would tend to substantiate the idea that hunger contractions 
are directly responsible for respiratory stimulation, if we consider that 
pyloric spasm produces more stimulation than contraction of the fundus. 
Morin and Vial (1934) also proved the existence of a visceral effect upon 
respiration by distention of the intestines of dogs. 

On the other hand, it is possible that some humoral factor responsible for 
production of hunger contractions, as hypoglycemia or a “hunger hor- 
mone,” or a coincident state, as a fasting ketosis, may likewise stimulate 
respiration. This idea is supported by the fact that there is not always 
a perfect correlation between the drop in COs and the duration of hunger 
contractions. Sometimes the CO, does not rise immediately upon abrupt 
cessation of gastric peristalsis. 

Since there is a lowering of alveolar CO, during hunger, we could expect 
either 1, a resultant alkalemia due to CO, removal, or 2, a primary acidemia 
which has caused CO, excretion. Attempts to analyze this point by deter- 
mining the pH of the blood by the indicator method have not shown a shift 
in either direction, and have been complicated by the fact that venepune- 
ture usually inhibits gastric contractions. However, Shock and Hastings 
(1934, figs. 7 and 8) in a study of diurnal changes in blood, found that in 
some subjects there is marked rise in blood pH prior to the noon meal, 
accompanied by a fall in CO. tension. 

Previous claims that alveolar COs, rises after a meal may well be due to 
the fact that prior to the meal COs is low due to existing hunger, and is 
high afterwards merely because of the inhibition of hunger contractions, 
with a diminished stimulation of respiration. One must avoid, however, 
the tendency of the subject to become drowsy following eating, since 


alveolar CO, rises during sleep (Straub, 1915). In view of the data ob- 
tained in this investigation, the rise in alveolar CO, after a meal cannot be 
ascribed solely to the secretion of HCl: a conclusion which appears to be 
accepted at present (Peters and Van Slyke, 1931). It may well be that 
gastric secretion does affect the tension of COs, but since previous workers 
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were unaware of the disturbing effect of hunger contractions, the question 
remains open. 

The minor variations in CQ, tension still occurring after hunger is 
abolished by feeding (G and J, fig. i), may be due to variations in the 
sensitivity of the respiratory center, or to rhythmical stimulation by other 
hollow viscera. 

The marked variations in respiration and alveolar COs: of a fasting sub- 
ject indicate that the basal metabolic condition is not always basal for 
respiration, and that alveolar CO, is not a physiological constant, but is 
rather the function of all factors acting upon the respiratory center. 


SUMMARY 


Marked variations occur in the alveolar CO, of fasting subjects, espe- 
cially at the usual meal hour. The evidence indicates that these changes 
may be due to a respiratory stimulation concomitant with hunger con- 
tractions, rather than being dependent upon secretion of digestive juices. 


I am deeply indebted to Drs. A. J. Carlson, A. B. Luckhardt and N. 
Kleitman for their generous material aid and advice, and to Miss M. Kk. 
Cary for technical assistance. 

This problem was aided by a grant from the Valentine Meat Juice 
Company. 
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A number of clinicians, notably Richardson (20), Kahn (14), Stokes 
and Stokes (21), McCoy (17), Pacini (18), Warureck (22), Kinney (16) 
and Jarvis (13), have reported that partial deafness could be ameliorated 
by small doses of Roentgen-radiation, when the x-ray beam was directed 
anywhere upon the head. Not all patients showed the effect, however, 
and in many cases the improvement was but temporary. The only experi- 
mental study is due to Girden (9) who, working in this laboratory, investi- 
gated the problem with dogs whose auditory acuity could be accurately 
tested by the conditioned-response technique. He reported a transient 
gain of about 5.5 decibels at 1000 cycles following exposure to small doses 
of Roentgen-rays. The increased sensitivity appeared in 8 dogs after a 
latent period of some days and continued for 2 weeks more or less; there- 
after the animals’ limens reverted to normal. 

The present investigation has had several objectives. 1. The basic 
phenomenon (increase of acoustic sensitivity after Roentgenization) was 
critically reéxamined. 2. Three test frequencies (125, 1000 and 8000 
cycles) were employed instead of one. 3. A possible correlation between 
dosage of Roentgen-radiation and magnitude of hearing-gain was examined. 
4. The principal objective, finally, was to locate the site or source of the 
effect, whether systemic or local, and if local, whether central or peripheral ; 
and to trace the mechanism whereby it comes to pass. 

APPARATUS AND TESTING PROCEDURE. The animal’s acoustic limen was 


1Communication no. 28 from the Physiological Psychology Laboratory, Uni- 
versity of Illinois, established and maintained with aid from the Research Council, 
American Otological Society. Grateful acknowledgment is made to the Josiah 
Macy, Jr., Foundation, whose financial aid made this research possible 

2 National Research Council Fellow in Psychology, Pavlovian Laboratory of the 
Phipps Psychiatrie Clinic, The Johns Hopkins Hospital 

8 With the collaboration of Prof. G. L. Clark, Director of the x-ray laboratories 
of the Department of Chemistry, who offered the use of his excellent facilities and 
contributed many helpful ideas about procedure and interpretation. Dr. W. 5 
Coe, one-time member of his staff, aided considerably in the technical phases of the 
problem. 
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always determined by a form of the motor-conditioning method (described 
in ref. 7); which is fully equal in precision to the standard psychophysical 
techniques with competent human subjects. A deep-therapy Coolidge 
tube with tungsten-target was used throughout for Roentgen-exposure, 
the tube being operated always at 90 kv. and 5 milliamperes. The inten- 
sity of the x-ray beam is here expressed in Roentgen-units,‘ measured by 
means of a Victoreen r-meter. Dosage in every case is a linear function 
of duration of exposure. The animal’s head was secured in a holder, 30 em. 
from the target; general anesthesia (Nembutal) was employed during the 
long periods (6 to 13 min.) needed for heavy doses. From the lambdoidal 
ridge forward the head was exposed to the x-ray beam through a rectangu- 
lar aperture of 100 sq. em. in the heavy lead-sheet which protected the rest 
of the body. 


The control animals received identical treatment in every 


TABLE 1 


HEARING-THRESHOLDS BLOOD-SUGAR 
125 cycles 1000 cycles 8000 cycles 
1. Pre-radiation 
Mean. 104.0 92.0 db | 82.10 mgm./100 ec. 


Standard error 


0.63 1.00 


1.38 


Post-radiation 
Mean 84 
Standard error 


112.8 100.0 78.05 mgm. 
0.63 


. Differences 


Mean. 8.8 9.6 —4.05 
0.85 0.79 1.18 1.45 
t (= Mean/S.E.) . 8.47 11.14 8.14 2.79 


<0 


001 <0.001 0.012 


detail, including anesthesia, except that the head also was fully protected 
with lead. 

In order to determine the statistical ‘“‘significance”’ of the change in hear- 
ing following Roentgen-exposure, the limens were divided into groups of 
five, counting backward and forward from the first day of radiation. The 
average pre-radiation thresholds. were then compared with the post- 
radiation means by computing both the differences between them and the 
standard errors of these differences. The ratio of any difference to its 


‘One roentgen, or r, is obtained from that x-ray energy which, when the sec- 
ondary electrons are fully utilized and secondary radiation from the wall of the 
chamber is avoided, under standard conditions 0°C. and 760 mm. of mercury pressure, 
produces in 1 ec. of atmospheric air such a degree of conductivity that the quantity 
of electricity measured at saturation current equals one electrostatic unit’? (4, 
p. 163). 
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own standard error is here called ¢. With the t value, one can enter “Stu- 
dent’s Tables” (8) and find the p value. When p is Jess than 0.02 (which 
signifies that the difference in question might be expected twice in 100 
samples drawn at random from a homogeneous population) the difference 
is regarded as “‘significant.’”” A complete description of this statistical 
approach is given by Fisher (8). 

DiscUSSION OF RESULTS. Our first objective was to explore two ques- 
tions evoked by Girden’s study. a. Is the apparent gain in hearing a true 
sensory effect, or is it due merely to heightened motor responsiveness of 
the animal following radiation? On this question we have two convergent 
lines of evidence. 1. Does Roentgen-radiation, as a matter of fact, induce 
restlessness in the animal? By use of a polygraph, with appropriate relays 
and switches, the complete test-situation (tonal stimulus, shock, every 
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Fig. 1 


movement of the conditioned limb) was projected upon a moving-tape 
record. Full records were thus obtained for seven dogs at three frequen- 
cies: twelve from four animals which were, and nine from three dogs which 
were not, radiated over the brain. Of the first twelve records, six were 
positive (increased activity after radiation), six were negative; of the 
second nine, four were positive, five negative. It appears that there is 
no change in spontaneous activity of the conditioned limb subsequent to 
radiation; x-rayed animals behave in this regard precisely as do controls. 
2. Even if random activity were increased by Roentgen-radiation, would 
the animal’s apparent acoustic threshold, as measured by our methods, 
be affected? Figure 1 displays the polygraph-record of dog 4 at an 
earlier time, together with its acoustic thresholds during the same period. 
The extreme change in random activity, be it noted, was not due to x-rays. 
Whereas the activity-record fluctuates widely, the hearing-curve remains 
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horizontal throughout. From 1 and 2 we thus have double assurance for 
the sensory character of the x-ray effect. 

b. Several roentgenologists expressed doubt that the dosages employed 
in Girden’s study (less than 100 roentgen-units in most cases) or in this 
study (75 to 675 r-units), generated under the conditions above stated, are 
of sufficient potency and magnitude to traverse and affect the cranial 
contents of a dog. A good x-ray photograph of a live dog’s head, taken 
under the regular conditions of radiation, was obtained with an exposure 
of only one-half second (49/120 of 1 r-unit); a film exposed for 5 seconds 
was darkened into a uniform dead black. It follows that the dosages here 
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employed are more than ample to penetrate the entire cranial cavity of a 
living dog. 

The second and third objectives will now be considered. Ten animals 
were radiated at nine different intensities, ranging from 75 r to 675 r, in 
steps of 75 r, to discover whether there is any relationship between the 
magnitude of hearing-rise and the quantity of Roentgen-exposure. Re- 
sults are briefly as follows. The first figure in each pair gives dosage in 
r-units, the second gives the average hearing-gain after radiation (mean 
subsidence of the threshold in decibels for the test-frequencies 125, 1000 
and 8000°). With 75r, 5.80 db; with 150 r, 4.78; with 225 r, 5.64; with 
300 r, 7.53; with 375 r, 7.87; with 450 r, 3.84; with 525 r, 5.69; with 600 r, 
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7.42; with 675 r, 4.78. The control-dogs, on the contrary, receiving identi- 
cal treatment in every detail save radiation, changed during the same 
period —0.66 db. The x-ray effect was not quite equal at all frequencies, 
being (mean for all test-animals) 5.42 db at 125, 5.88 db at 1000, 6.00 db 
at 8000. These figures demonstrate a, that size of dose has no relation to 
magnitude of hearing-gain. The greatest change appeared with 375 r 
and the least with 450 r; the minimal dose depressed the threshold by 5.80, 
the maximal dose by only 4.78 db. The Pearsonian correlation-coefficient 
is wholly negligible, being 0.01 with standard error 0.33. The change in 
threshold is therefore all-or-none in character, its magnitude being fairly 
constant whatever the dosage (within the range here employed) — Figure 2 
is offered as a true picture of acoustic sensitivity before and after x-radia- 
tion. b. The effect is much the same at low, intermediate and high fre- 
quencies. Though somewhat less at 125° than thereabove, the dif- 
ference is statistically undependable. 

Being a temporary phenomenon, the duration of this effect requires 
brief notice. The first figure of each pair gives dosage in r-units, the second 
figure gives mean duration in days of the post-radiation effect: with 75 r, 
10.0 days; with 150 r, 10.2; with 225 r, 10.3; with 300 r, 9.0; with 375 r, 9.6; 
with 450 r, 8.0; with 525 r, 9.6; with 600 r, 9.3; with 675 r, 8.6. At 1257 
the mean duration is 8.7 days, at 1000, 9.9 and at 8000, 10.0. It thus 
appears a, that duration of the acoustic effect has no appreciable relation 
to magnitude of dose. The Pearson-coefficient is again wholly negligible, 
being —0.04 with s.e. 0.33. This confirms the all-or-none character of the 
phenomenon. b, 125° is here also inferior to the higher frequencies; in 
this case the difference, being over twice its own standard error, is possibly 
but not surely acceptable. 

In each case a latent-period intervened between dosage and inception of 
the acoustic effect. The first figure of each pair gives dosage in r-units, 
the second gives mean latency in days: with 75 r, 7.6 days; with 150 r, 3.5; 
with 225, 7.6; with 300 r, 5.6; with 375 r, 5.0; with 450 r, 3.0; with 525 r, 
2.3; with 600 r, 2.3; with 675 r, 2.6. At 125” mean latency was 4.5 days, 
at 1000, 4.5 days and at 8000, 4.0 days. From this we see a, that latency 
of the phenomenon, in marked contrast with magnitude and duration, is 
sharply contracted as the quantity of radiation rises. The Pearson- 
coefficient is —0.79 with s.e. 0.13; being six times its own s.e. the correla- 
tion may be unhesitatingly accepted as real. 6. There is here no distine- 
tion between frequencies, all having about the same delay. 

Having briefly analyzed several characteristics of the phenomenon, we 
proceed to our fourth objective. As a means of locating the site of this 
effect, two animals were radiated, with 150 r-units each under standard 
conditions, one over the hindquarters and one over the thorax. ‘The mean 
hearing-change in the first dog was 0.57 db, in the second was —0.27 db. 


LIS W. J. BROGDEN AND ELMER CULLER 


The controls tested concurrently changed by —0.44 and —0.03 db. None 

of these figures differ statistically from zero. It thus develops that the 
effect is not general or systemic but appears only upon Roentgenization 
of the head. 

Upon examining the head-region for mechanisms which might be respon- 
sible, the pituitary gland appeared most likely for the following reasons. 
1. Whereas nervous and brain tissue are highly resistant to x-ray effects 
(3, 19), the endocrine glands are among the most susceptible of all tissues. 
2. In the clinical articles we frequently read that the beam was focused on 
sella turcica, seat of the gland. 3. Several investigators (Stokes and 
Stokes, Warurck) suggested that this effect might be due to the hypophysis, 
without presenting any evidence to substantiate their conjecture, which 
was not accepted by Carlson (2). 

In order to test the pituitary hypothesis, two animals, 17 and 18, were 
hypophysectomized by the temporal approach.’ After operation they 
were conditioned and their auditory thresholds measured daily for a period 
of some weeks. They then received 150 r-units upon the head under 
standard conditions. The mean hearing-change after radiation proved 
to be —0.74 and —0.43 db respectively; the control changed by —0.10 db. 
No change at any frequency was statistically valid. Histological’ exami- 
nation of animal 17 revealed a small piece of hypophyseal tissue about 
1 mm. in diameter, resting in the sella turcica. It had been separated 
from its connection with the hypothalamus, its cells had undergone histoly- 
sis and the cell-walls were broken down. Similar examination of animal 18 
revealed a short stump of the infundibulum remaining. Serial sections of 
the region between posterior margin of the optic chiasma and anterior 
margin of the mammillary bodies disclosed a short length of the infundibu- 
lum undetached from the hypothalamus, with no glandular tissue in 
evidence. The distal end of the lumen was closed over. Hypophysectomy 
was thus, in both cases, shown to be complete. 

It follows that Roentgen-rays act in some way upon the pituitary body 
to bring about the transitory gain in acoustic sensitivity. Radiation of 
hypophysectomized dogs reveals no trace of this effect. 

If the pituitary body is the crucial factor, how does it operate to improve 
hearing? It is well known that hypophysectomy makes the dog hyper- 
insulinie (1, 5, 6); the animal will enter hypoglycemic shock if deprived of 
food for twelve hours or more. Dr. F. L. Ruch informed us that diabetic 
patients in the ward of a certain hospital had observed that they could 
not hear the ticking of a clock on the wall when it was time for them to 


* The authors are indebted to Dr. B. O. Barnes of the University of Chicago for 
his aid and suggestions in developing the operative technique for hypophysectomy. 

6 The authors wish to express deep appreciation to Mr. Harlow Ades for making 
the histological examinations. ‘ 
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take their insulin (high blood sugar), but that when the insulin took effect, 
the clock could again be heard (lowered blood sugar). Hart (12) reported 
the case of a diabetic patient who showed a loss of 31 per cent for the right 


ear und 21 per cent for the left ear by the audiometer. After treatment 
for diabetes, the patient was again tested two months later and showed an 
improvement of 13 per cent in the right ear and 8 per cent in the left. 
Gottlieb (10) reported that in a number of cases of pancreatic insufficiency 


and hepatic dysfunction, where the blood sugar was raised above normal 
owing to disturbance of carbohydrate metabolism, the patients showed 
marked hearing losses. He stated that foods of high carbohydrate con- 
tent, such as chocolate and ice cream, frequently aggravated these condi- 
tions. With treatment (feeding desiccated whole pancreas by stomach 
tube) both the metabolic derangement and the hearing were improved. 

The two hypophysectomized dogs also exhibited an improvement in 
hearing, about forty days after removal of the gland, comparable in mag- 
nitude to the effect shown by normal dogs,shortly after Roentgenization. 
At 1000 and 8000 cycles their thresholds subsided about 6 to 8 decibels; 
at 125 the decline equaled 4 or 5 db. in one dog and was negligible in the 
other. It will be recalled that the x-ray effect was likewise a bit less at 
125° than thereabove. The reader will note that this change is not an 
example, but rather a continuance, of the x-ray effect proper. Their 
relation, and the common mechanism by which they arise, appears to be 
as follows. Hypophysectomy frees the pancreas from pituitary-inhibition, 
with resultant over-secretion of insulin. A mild hypoglycemia ensues, 
the excess of insulin being partially but not wholly compensated by con- 
stant withdrawal of glycogen from liver and muscles. After Roentgeniza- 
tion likewise a mild hypoglycemia (about 4 mgm. below normal sugar; cf. 
table 1) occurs; spreading throughout cerebrospinal and cochlear fluids, 
this low sugar-level reduces the acoustic threshold. This is the true 
“x-ray effect.” The present dogs being untrained prior to hypophysec- 
tomy, their pre-operative thresholds are not available for comparison; 
but presumably their hearing within the first days after operation was 
better than normal, owing to the limited hypoglycemia, just as after 
Roentgenization. Their limens were in fact about 5 decibels below those 
of the control dogs. But meanwhile the glycogen-supply is being con- 
stantly depleted without replenishment; in due time (40 days) the animal’s 
reserves are so exhausted’ that it must depend upon food-intake alone 


7 When these dogs were dispatched, samples of the liver were examined for gly- 
cogen. Determinations by a modified form of Pfliiger’s method gave 0.68 per cent 
for no. 17 and 1.81 per cent for no. 18. Inasmuch as the glycogen-content of liver 
from intact laboratory dogs ranges from 3 to 12 per cent (11), these hypophysec- 
tomized animals were obviously far below normal. Corkhill, Marks and White (5) 
have also shown that glycogen-content of liver of hypophysectomized rabbits is 
markedly lower than normal. 
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for maintaining its sugar. Thereupon a more severe and chronic depression 
of sugar-levels occurs throughout blood, cerebrospinal system and cochlear 
lymph; and the acoustic threshold subsides still further to a new low level 
(“hypophysectomy effect’). 

To examine more fully the above inferences, hearing-tests were run 
upon both a diabetic subject and a normal dog (no. 20) when blood-sugar 
was high and when it was low. Blood-sugar determinations were made 
for the diabetic by the Folin-Wu macro-method and for the dog by the 
Folin-Malmros micro-method on samples withdrawn during the hearing- 
test each day.§ With both subjects, low sugar-levels were produced by 
intravenous injection of insulin. High blood-sugar in the diabetic was 
induced by omitting the dose of insulin at the morning meal which con- 
tained circa 95 grams of carbohydrate; with the dog, glucose was introduced 
by stomach tube directly into the gastro-intestinal system. By sampling 
the blood at 15-minute intervals after glucose ingestion, we learned by 
preliminary trials that blood-sugar rose to a peak within some 90 minutes 
and then began to recede; after injection of insulin intra venam, blood 
sugar reached its minimum within 15 to 30 minutes. Hearing-tests were 
so timed as always to coincide with maximal hyper- or hypo-glycemia. At 
the time we failed, however, to allow for the additional time-lag in the 
cochlear lymph, which is critical for the hearing-effect; for this reason the 
following data fail to reflect the full force of the sugar-change. Results 
for the dog are briefly as follows. The normal thresholds (blood-sugar 
circa 82 mgm.) were 77.5 db at 125°, 101.0 db at 1000 ~, 80.0 db at 8000 ~. 
With high blood-sugar (mean value of 157.7 mgm.) the respective figures 
were 76.5 db, 98.5 db and 78.5 db; with low blood-sugar (mean value of 
66.3 mgm.) the figures were 81.5 db, 109.0 db and 85.0 db. The differences 
between high and low sugar are, therefore, 5.0 db (s.e. = 2.27) at 125°, 
10.5 db (s.e. = 0.81) at 1000, 6.5 db (s.e. = 1.07) at 8000~. For the 
diabetic the figures are: with high blood-sugar (mean value of 289.6 mgm.), 
he tested 78.9 db at 125, 102.8 db at 1000, 82.0 db at 8000; with low blood- 
sugar (mean value of 69.1 mgm.) the figures are 79.6, 106.0 and 84.0 db. 
The differences are 1.6 db (s.e. = 2.47) at 125, 3.2 db (s.e. = 1.19) at 1000, 
2.0 db (s.e. = 1.78) at 8000. From these figures we see a, that change in 
sugar-level produces at each frequency a change of the same sign in 
threshold of hearing. High sugar raises the limen above normal, low sugar 
abates it; the effect being more marked however in the latter case. With 
this dog the thresholds during low sugar are less than normal by 4.0 db at 
125°, by 8.0 db at 1000, and by 5.0 db at 8000, a mean reduction of 
5.67 db; after Roentgenization (cf. p. 17 above) the corresponding figures 
are 5.42 db, 5.88 db and 6.00 db, a mean of 5.77 db. The present figures 


8 The authors are indebted to Mr. E. J. Van Loon for making the blood-sugar and 
giveogen determinations. 
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being from a single animal, their agreement with the general means from 
Roentgenized dogs is obvious. 6. We see also that the effect here is less for 
125° than thereabove. 

Blood-sugar was determined finally in one dog 21 (each sample being 
drawn after an 8-hour fast) both before and after Roentgenization; on five 
successive days just prior to radiation, and on five days (fifth “to ninth 
inclusive) after radiation, when the hearing-effect was maximal. From 
these figures, summarized in table 1, we observe that the customary gain 
in acuity is attended by a small but consistent hypoglycemia. The dif- 
ferences, in both hearing and blood-sugar, are statistically sound. The 
reduction of blood-sugar is indeed markedly less than followed direct injec- 
tion of insulin in animal 20 above, whereas the hearing-effect is of the same 
order in magnitude. But the crucial question in each case is: what was 
the relative sugar-content within the cochlea? It is clear that the long 
latency of the x-ray effect affords ample time for the peri- and endo-lymph 
to attain complete glycose-equilibrium with the blood; whereas the 30- 
minute period between insulin-administration and hearing-tests in ani- 
mal 20 may well have left the glucose-content of the cochlear lymph but 
little affected despite marked hypoglycemia in the blood. Indeed, one 
authority states® that a latent period of 40 to 90 minutes intervenes before 
a change in blood-sugar content “begins” to influence cerebrospinal fluid 
sugar. Hence it appears inevitable that peri- and endo-lymph were far 
indeed from sugar-equilibrium with the blood when the hearing-tests 
were made, 

From the above evidence, it appears that the cellular structure of the 
hypophysis, after bombardment by a Roentgen-beam, passes through a 
period of degeneration and reconstruction, during which time the gland’s 
normal functions are impaired. As compared with hypophysectomy, the 
symptoms are identical in kind but milder in degree: increased output of 
insulin, with concomitant reduction of sugar throughout the bodily fluids, 
including the cochlear lymph. Thus far we are on the solid ground of 
experimental knowledge. One question still remains: how does change 
in sugar-content of endo- and peri-lymph affect hearing? ‘Two answers 
may be suggested. a. Low sugar lessens both density and viscosity of the 


9S. Katzenelbogen, in a recent book, surveys and evaluates the factual material 
concerning the relation of sugar level in cerebrospinal fluid and in blood. To quote: 
“The existence of a quantitative relationship between blood sugar and C. 38. F. 
sugar is no longer disputable. . . . Diversities in the blood sugar level are followed 
by corresponding changes in the sugar content in the C.S. F. However, there is 
always a certain latent period—from 40 to 90 minutes—before the change in the 
blood sugar content begins to influence the C.S. F. sugar. Moreover, the same 
studies demonstrate that the disturbed equilibrium between blood and C.S. F. 
sugar, induced by experimental hyper- or hypo-glycemia, may last 6 hours before 
it returns to its original level’’ (15: 149, 152) 
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cochlear fluids, which therefore offer less resistance by inertia to incoming 


vibrations than they normally do. Weaker sounds are able in consequence 


to activate the basilar membrane. 6. Sugar, being a non-electrolyte, may 
so modify ionic conditions within the cochlea as to affect the magnitude of 
potentials generated within the hair-cells by an impressed oscillation. The 
first is necessarily true, the second may be an adjuvant factor. 


SUMMARY AND CONCLUSIONS 


1. The transient gain in acoustic sensitivity following x-radiation of 
the head, previously reported, is here confirmed for three frequencies (125, 
1000 and 8000 cycles). Two objections to the validity of this effect are 
explored and answered. a. It can not be ascribed to increased random 
responsiveness of the conditioned limb, for two reasons. i. Spontaneous 
activity of the test-limb does not increase after Roentgenization. ii. Even 
when, for other causes, spontaneous activity of the test-limb does increase, 
the animal’s acoustic thresholds, as measured by our methods, are not 
affected. 6. It is proved that the dosages required to produce the hearing- 
effect are more than ample to penetrate the entire cranial content of a dog. 

2. Both magnitude and duration of the effect remain constant through- 
out the range, 75 to 675 r-units; but its latency decreases as Roentgen- 
dosage increases. 

3. The effect is slightly less at low frequencies (125°) than at medial 
and high levels (1000 and 8000 ~) 

4. Two normal animals, when radiated on areas other than the head, 
showed no trace of the effect. 

5. Two hypophysectomized dogs, when radiated, revealed no change in 
acoustic threshold; whence we see that the effect issues from the pituitary 
gland. 

6. About 40 days after hypophysectomy, without any exposure to x-rays, 
the threshold of these two dogs declined and remained about 5 db below 
its level theretofore. From that phenomenon, combined with the other 
evidence, we infer a two-fold acoustic change: a, the true “x-ray effect,” 
appearing within a few days, which is due to a mild and transient depression 
of sugar throughout bodily fluids, including peri- and endo-lymph; }, 
the “hypophysectomy effect”’ which first, like x-rays, produces a moderate 
hearing-gain and later, after 40 days, a second gain, symptomizing the 
continued depression of sugar to a more severe and chronic level. 

7. A diabetic subject, and also a normal dog, showed increased acuity 
when blood-sugar was lowered with insulin and reduced sensitivity when 
blood-sugar was raised. 

8. The sugar-level of an x-rayed animal was found to be subnormal 
during the period when its acoustic threshold was subnormal. 

9. The mechanism of the above effects is briefly set forth. 
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The fact that the number of erythrocytes per cubic millimeter of blood 
in a normal animal at rest is such a constant figure is evidence of a sensitive 
physiological mechanism. The maintenance of the normal red blood cell 
level requires a certain definite bone marrow output of new cells because 
of the natural processes of red cell destruction. A relative estimate of this 
output may be made by the determination of the number of reticulocytes 
per cubic millimeter of blood; i.e., the absolute reticulocyte count. 

The recognition of the bone marrow as a major organ of the body, as 
mentioned by Sabin and Doan (1), is fundamental. In studying bone 
marrow function with regard to erythrocyte output, the most promising 
approach with animals is the reticulocyte response to blood loss by hemor- 
rhage. Steele (2) has shown that “the marrow pattern finds direct expres- 
sion in terms of the cells of the blood.”” A. S$. Gordon (3) points out the 
quantitative nature of reticulocyte responses to acute hemorrhages 
resulting in the loss of approximately the same per cent of red blood cells. 

From the total blood volume, the red blood cell count and the absolute 
reticulocyte count, a provisional estimate will be made in this study of the 
daily normal red blood cell loss. A comparison will then be made of the 
reticulocytes produced per cubic centimeter of blood loss per day by 
natural processes with reticulocytes produced per cubic centimeter of 
blood loss per day by hemorrhage when the animals are subjected to small 
daily bleedings over a long period of time. 

In order that this be of significance, it is important that averages of 
daily determinations be used to obliterate normal fluctuations and varia- 
tions due to experimental errors. In addition, time must be allowed for an 
equilibrium to be established between bone marrow, blood depots, and 
peripheral blood in animals made anemic by chronic hemorrhage. 

Let V equal the normal total volume of circulating blood in cubic 
centimeters. 

Let R equal the normal absolute reticulocyte count in millions per cubic 
centimeter. (In the graph, cell counts are recorded as cells per cubic 
millimeter of blood, but in the text these figures are expressed as millions 
per cubic centimeter in order to facilitate calculations.) 
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Let E equal the normal erythrocyte count in millions per cubic centi- 
meter. 

Let L be an equivalent of red blood cell loss per day by natural processes 
of destruction expressed as cubic centimeters of blood having the normal 
number of red blood cells per cubic centimeter. 

In order that any red blood cell level may be maintained, there must 
be as many new cells formed each day as old ones lost. Hence, the total 
blood volume in cubic centimeters multiplied by the number of reticulo- 
cytes per cubic centimeter should be equal to the equivalent of red blood 


R = NORMAL ABS RETICS / C 
R’=ANEMIC ABS.RETICS. / C 


L =DAILY NORMAL BL LOSS, CC 
C=DAILY HEMORRHAGE, CC 
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cell loss per day expressed as cubic centimeters of blood, multiplied by the 
normal number of red blood cells per cubic centimeter: 


1.e., VXR=LXE 
also, R/L = E/V 
and solving for L, L = VR/E 


This is true if the absolute reticulocyte count represents the number of 
reticulocytes produced each 24 hours because L by definition is blood loss 
per 24 hours. 

E, R and V were determined for five rabbits. KE and R represent 
averages of daily counts for from four to six days. V is the blood volume 
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as determined on the last normal control day by the brilliant vital red 
method (4). 

The values for L were calculated from the equation, L = VR/E. In 
figure 1, 2? is plotted against L to show the number of reticulocytes per 
cubic centimeter of blood produced in response to blood loss by natural 
processes of red cell destruction. The number of reticulocytes per cubic 
centimeter of blood for each cubic centimeter of blood loss per day is R 
divided by L and according to the equation, equals FE divided by V. The 
average value for E/V for these five animals was 35,900 with upper and 
lower limits of 39,300 and 32,000 respectively. These five rabbits and 
seven others have been subjected to chronic hemorrhage. After a variable 
period of adjustment, red blood cell counts, reticulocyte determinations 
and bleedings were averaged for periods of nine days. The nine day 
period was chosen because it represents somewhat more than a recent 
estimate of the longevity of the circulating red blood cell in rabbits (5). 
Using the data so obtained an interesting relationship is to be noted. 

Let R’ represent the reticulocytes expressed in millions per cubic centi- 
meter in the anemic animal, or in other words, the reticulocytes per cubic 
centimeter necessary to maintain the normal red blood cell level plus the 
reticulocytes per cubic centimeter produced in response to hemorrhage. 

The reticulocytes per cubic centimeter produced in response to hemor- 
rhage are represented by R’ — R. 

Let L’ equal cubic centimeters of blood loss by hemorrhage per day. 


Chen ,— is the absolute reticulocyte increase in millions per cubic 


centimeter for each cubic centimeter of blood loss per day (abbreviated 
in the remainder of the paper, A. R. I. per ee.). This corresponds to 
R/L at the normal red blood cell level. 

Averages were taken of red blood cell counts, absolute reticulocyte 
determinations, daily bleedings in cubic centimeters and A. R. I. per ce. for 
39 periods of nine days, distributed among twelve rabbits. The A. R. I. 
per ec. did not vary uniformly with the red blood cell level when this 
level was above 3.13 million per cubic millimeter, nor with the amount of 
hemorrhage per day. The average A. R. I. per ce. of these 39 determina- 
tions was 38,700 with upper and lower limits of 51,000 and 30,000 respec- 
tively. This closely approximates the average value for E/V which 
was 35,900. 

Charting R’ — R against L’, figure 1 shows the A. R. I. per ce. to fall 
almost directly in line with the average R/L and, therefore, E/V. It is 
noted that the majority of the points fall not on the line but to one side 
or the other of it, suggesting that the A. R. I. per ec. is not a constant for 
all animals but subject to individual variation. There was indication 
that it varies inversely with the age and weight of the animal. 
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The equation R/L = E/V was formulated for animals at the normal red 
blood cell level. L, by definition, is the cubic centimeters of blood loss per 
24 hours; however, we are not certain that reticulocyte counts used for R 
represent the number of reticulocytes per cubic centimeter produced each 


—R 


24 hours. The A. R. IL. per ce. is j and here it is known that L’ is 


4 


blood loss per 24 hours. Since gives an index so close to R/L, it 


, 
4 


would appear that if the reticulocyte response to blood loss by hemorrhage 
is comparable to the response to natural red blood cell destruction, R is 
the number of reticulocytes per cubic centimeter produced in 24 hours 
Therefore, the number of red blood cells per cubic centimeter divided by 
the number of absolute reticulocytes per cubic centimeter is the length of 
life of the red blood cell in days. 

If this is true, reticulocyte determinations take on added significance, 
although it must be remembered that counts and bleedings for periods of 
nine days were averaged and these averages used to determine the A. R. 1. 
perce. This obscures the actual daily variations. 

For the twelve rabbits used in this experiment, the normal red blood 
cell count divided by the normal reticulocyte determinations gave an 
average of 42 days for the length of life of the red blood cell in the circula- 
tion, with upper and lower limits of 73 and 16 days respectively. 


CONCLUSIONS 


1. The number of red blood celis per cubic centimeter divided by the 
total blood volume in cubic centimeters (when these values are not rapidly 
fluctuating) suggests itself as an index of erythropoietic function. The 
figures so obtained in normal rabbits are remarkably close to the absolute 
reticulocyte increase per cubic centimeter of blood for each-cubie centi- 
meter of blood loss per day when the animals are subjected to chronic 
hemorrhage. 

2. Further evidence is given to support the view that the reticulocyte 
response to blood loss is normally a quantitative one. 

3. The average length of existence of the circulating erythrocyte in 
twelve rabbits was calculated to be 42 days. 


I wish to express my thanks to Dr. G. F. Kempf and Dr. L. G. Zerfas 

for their suggestions and kind criticism. 
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This study was undertaken in order to determine the effect of advancing 
age on the oxygen consumption of rats. Benedict and MacLeod (1) made 
such a study using mostly different rats for the successive age groups and 
employing a technique that failed to eliminate activity and to permit dis- 
crimination among rates for waking, dozing and sleeping states. With 
the advantage of a technique that permitted such discrimination, it seemed 
advisable to repeat this work using the same rats for the successive deter- 
minations except as death diminished the number available. The results, 
therefore, constitute a life record, part of which, that for the immature 
rats, has already been published (2). This paper is concerned chiefly 
with the mature rats, but for the sake of completeness the whole record 
has been included in the tables and figures in order to facilitate comparison 
with the human situation. 

The rat colony numbered 136 and was composed of two strains, a white, 
and a black and white, but, as the two strains showed little difference in 
oxygen consumption, this classification was not continued. They were 
kept on the same balanced diet throughout and in an environmental 
temperature of 25° to 28° except during the hot spells of 1934 and 1936 
when that temperature was exceeded, and during which the most deaths 
occurred... 

The method of determining the oxygen consumption has already been 
described in the introductory article (2). The amount of oxygen con- 
sumed was expressed in terms of liters per kilogram of body weight per 24 
hours. Each determination was made after a fasting period of 16 to 21 
hours. During a determination the rat was under a continual observation 
so that its state was recorded during every 5 minutes for which readings 
were made. Calculations were based only on those readings for which a 
dozing or a sleeping state was recorded. The sleeping state was char- 
acterized by continuous sleep, and gave the lowest rate observed. The 
dozing state was characterized by the rat opening and closing its eyes every 
few seconds and seeming to be on the verge of sleeping without actually 
sleeping, and gave a rate 10 to 15 per cent higher than that for the sleeping 
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state. The oxygen consumed by one rat during 8 consecutive 5-minute 
periods was as follows: 25.0, 24.5, 25.0, 24.5, 23.0, 22.0 ce., respectively, for 
the dozing periods; and 21.5, 21.0, 21.5 ec., respectively, for the sleeping 
periods. The values obtained for the last 2 periods of the dozing state 
probably represented a state intermediate between dozing and sleeping. 
The inclusion or exclusion of these values would result in a difference of 
approximately 3 per cent in the calculation of the rate. In all cases the 
difficulty of making a reading correct to within 0.5 cc. introduced an error 
of 2to3 percent. In the case of the more easily recognized sleeping state 
this was likely to be the extent of the error, but in the more difficultly recog- 
nized dozing state the probability of including both errors was much 
greater. 


TABLE 1 


Life record of average oxygen consumption of 136 rats 


| LITERS OF OXYGEN CONSUMED PER KILOGRAM OF BODY WEIGHT PER 24 HOURS 


Males Females 

Dozing Sleeping 
Number Dozing Sleeping Number Non Sine: 
istrous Estrous 

months | 

1 66 39.5 32.5 56 39.6 33.2 
2 71 39.1 32.1 60 38.5 31.8 
3 68 31.5 26.8 60 30.9 26 0 
4 15 25.5 21.6 55 25.6 21.2 
6 70 24.0 20.7 53 25.2 23.1 22.9 20.3 
10 64 22.8 20.0 50 24.0 22.0 21.9 19. 6 
14 17 21.8 19.0 34 23.0 21.0 21.0 18.5 
18 30 20.0 17.5 11 22.0 19.1 19.5 17.2 
22 16 19.0 16.8 23 21.0 IS. 1 16.2 
26 14 18.4 15.1 10 19.7 17.1 17.0 14.9 
30 10 16.8 14.5 10 Is.) 16.0 15.7 14.3 


Beginning with the sixth month the females were examined for estrus 
determined by the presence of cornified cells, which were found even in 
some of advanced age. Such rats were classified as in estrus as was also 
done by Slonaker (3) though he found that they rarely, if ever, became 
pregnant. The determinations for the females, therefore, included a dozing 
and a sleeping rate for both the estrous and non-estrous state, whereas 
those for the males included only a dozing and a sleeping rate. The 
averages of these 2 determinations for the males and the 4 for the females 
of the various age groups are shown in table 1. For the sake of com- 
pleteness the first month’s averages have also been included though they 
were omitted in the earlier paper (2) because they were based on deter- 
minations following breast feeding and might not, therefore, be consistent 
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with those following feeding on the later diet. In the earlier paper dealing 
with the immature age groups it was shown that the probable error due to 
inadequate sampling was insignificant. Similar results have not been 
included in this table because the number of rats in some of the later age 
groups seemed too small to justify such procedure. Statistical calculations, 
however, show the same results as before for the larger adult age groups, 
and, since it may be seen from figure 1 that the decrease in their oxygen 
consumption continued at about the same rate through the later smaller 
age groups as through the earlier larger groups, it seems probable that the 
less adequate sampling of the smaller groups had not introduced a signifi- 
cant error. It seems, therefore, justified to observe that the oxygen con- 
sumption of these rats decreased with advancing age, and that the rate of 
decrease was similar for the dozing and sleeping states of the males and of 
the estrous and non-estrous females. 


{Kg 
40 


26 0 2 6 10 14 8 22 26 30 months 


2 6 10 4 18 22 


Fig. 1. Life record of average oxygen consumption of 136 rats: 
sleeping. 


A, dozing; B, 


The individual determinations were too numerous to be included in 
table 1. In the case of the adult females these values group themselves 
into high and low, corresponding, respectively, to the estrous and non- 
estrous states. The possibility of a similar grouping of values for the third 
month suggests the probability that estrus was the discriminating factor 
there too. On the same basis the values of the fourth month were with 
2 exceptions high enough to be considered representative of the estrous 
state. 

It may be seen from figure 1 that the estrous rate was higher and the 
non-estrous rate somewhat lower than the rate for males for both the doz- 
ing and sleeping states. It seems especially noteworthy that so little 
difference occurred between the sleeping rate of the male and of the non- 
estrous female. Though the difference was about the same order as the 
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experimental error, its consistency throughout would suggest that this 
difference, however small, was probably real. However, such a difference 
might be the result of a carry-over from a previous state, and had the 
sleeping state lasted for hours instead of minutes, the values might have 
been more nearly identical. It was observed that the females were more 
restless in estrus and that fewer sleeping rates were obtained for the 
estrous than the non-estrous state. It was also observed that the males 
were not as reconcilable to the conditions of a determination as were the 
females. It was further observed that there was great variation in the 


TABLE 2* 
Life record of average heat produc tion of 136 rats z 
CALORIES PRODUCED PER SQUARE METER OF SURFACE AREA PER HOUR 
Males Females 


Dozing 


Dozing 

Sleeping 

Estrous 
estrous 


Non- 


Weight 


months grams ‘ is grams grams 


56 
113 
151 
175 


29.4 27: 3: 202 29. 


nw 


to 


to 


29 20) 21! 225 | 28. 

28 2: 249 | 28 

27.6 3 30. : 24! 270 | 268 
27 2° 27: 291 26.6 289 


24.6 2: 28 .6 311 25.0 | 312 
24 36 26 SLE 24.‘ 334 23.7 | 332 


* The oxygen consumption values of the first table were converted into heat pro- 


duction values in this table on the following bases: 1, that the consumption of 1 liter 
of oxygen resulted in a heat production of 4.7 calories; and 2, that the body surface 
in square centimeters is equal to 9 times the two-thirds power of the body weight in 


grams. 


oxygen consumption of some of the males and females when awake, even 
though no movement was perceptible. These considerations suggest the 
probability that the differences observed between the rates of the male and 
the female, and of the estrous and non-estrous female, might have been 
due to the effect of some such intangible factors as fear, tension, alertness, 
etc., imposed upon an otherwise fundamentally equal rate. 

For the sake of comparison the oxygen consumption values of table 1 
have been converted into heat production values in table 2. The con- 
verted values also show a generally decreased heat production as age 


31 
| 
AGE | Sleeping 
: = = = 
yran 
33.2 St | 27.2 57 33.0 56 
2 $3.0 130 35.4 130 10.5 we.5) 113 
3 38.7 179 22.6 179 35.8 30.1) 151 
33.8 | 225 | 28.6 | 225 86.0 180 
. 6 33.8 | 272 | nee, | 202 | 86.0) 202 
10 33.3 302 9} 225 
14 32.9 331 2| 246 
IS 31.0 360 2 269 
22 30.3 | 394 3) 290 
30 97.1 $10) 6 333 
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advances. There is, however, a noticeable discrepancy in the compara- 
tively lower value for the first month on the basis of surface area than on 
the basis of weight. The explanation would seem to lie in the probability 
that the heat production at this age depended more on growth and weight 
than on surface area. 

The results of table 2 are not in accord with those obtained by Benedict 
and MacLeod (4) who found that the heat production of rats increased 
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Fig. 2. Comparison of the life heat production records of men and rats: A and B 
being smoothed curves for men and women, respectively, based on the Mayo Founda- 
tion Standards; C and D being similar curves for the dozing male and non-estrous 
female rats of table 2, made comparable with curves A and B by multiplying the rat 
ages by 30. 


with advancing age. In a more recent work, information of which was 
received by private correspondence, Benedict and Sherman (5) corroborate 
in the main the earlier findings of Benedict and MacLeod. In both studies, 
however, Benedict and his associates used a technique that did not dis- 
criminate between waking and sleeping rates and, therefore, did not 
eliminate the possibility that the increase they observed might have been 
due to a change from a younger state in which sleep predominated to an 
older one in which wakefulness predominated. 


s | \ 
\ 
£¢ \ 
\ \ 
a4 


OXYGEN CONSUMPTION WITH ADVANCING AGE 33 


The results of table 2 are more in accord with those obtained for man by 
Boothby, Berkson and Dunn (6). This is shown in figure 2 where the 


smoothed curves A and B for men and women, respectively, are compared 


with the smoothed curves C and D for dozing male and non-estrous female 
rats, respectively. To make the rat curves comparable with those for 
men and women, the rat ages have been multiplied by 30 since it is generally 
conceded that one day of a rat’s life is approximately equivalent to a 
month of man’s life. On this basis the two sets of curves show a striking 
similarity which seems to indicate that rats and men differ but little both 
in the per unit amount of their heat production and in the rate at which it 
decreases with advancing age. 

The results of this study may be summarized as follows: 

1. The average oxygen consumption rate of the 136 rats studied showed 
a continual decrease throughout life, rapid during the first 4 months, more 
gradual thereafter. 

2. The method used enabled discrimination between rates for dozing and 
sleeping states of the males and of the estrous and non-estrous females, 
from which there appeared to be little difference between the sleeping rates 
of the males and the non-estrous females. 

3. There appears to be a close relationship between the heat production 
of rats and of men both in its per unit amount and in its rate of decrease 
with advancing age. 
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The physiological and pathological activity of the central nervous system 
is dependent in high degree on its metabolic processes and so on its enzyme 
complement. Attempts at analysis, however, result in considerable con- 
fusion, due to the complexity of organization and to local metabolic 
differences in the whole organ. A simpler system, more favorable for 
study though less complete, results from minimizing structural differences 
and destroying some enzyme systems. This has been achieved by pre- 
paring a homogeneous colloidal suspension of brain in water. Such a sol 
has a small residual respiration, limited apparently by available substrate, 
and contains many of the enzymes present in whole brain, although others, 
particularly those involved in carbohydrate oxidation, are inactivated. 
The sol, and a protein-lipoid fraction obtained from it by isoelectric precipi- 
tation, carry concentrated systems for oxidizing succinic acid and para- 
phenylenediamine. <A partial analysis of the enzyme mechanisms present 
is described below. 

Mertruops. A rabbit was stunned by a blow, the brain quickly removed, 
pia and blood peeled off, and the desired tissue weighed and kept on ice. 
Only cerebral cortex and cerebellum were used, since the underlying tissues 
contain a large proportion of white matter which is difficult to cytolyze. 
When cool, the tissue was minced, then ground, and finally dispersed with 
nine volumes of iced distilled water. The suspension was centrifuged 20 
minutes and the supernatant solution pipetted off. About { of the total 
volume was used. This supernatant colloidal solution (referred to in sub- 
sequent pages as “‘the sol’’) was seen under the microscope to be cell-free 
and virtually structureless except for dispersed particles, although it was 
cloudy in bulk. Further, filtration through a porcelain candle had little 
effect on its properties. No material settled out on standing. 

Other preparations were also used: 1, the washed residue obtained on 
centrifugation, containing mostly cell debris and white matter; 2, a protein- 
lipoid fraction prepared from the solution by isoelectric precipitation (at 

1 Aided in part by a grant from the Otho 8. A. Sprague Foundation. A prelim- 
inary report of this material appeared in this Journal 109: 21, 1934. 
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about pH 4.6), washing and resolution in dilute alkali; and 3, dehydrated 
or dehydrated and defatted preparations of the precipitate. 

Oxygen consumption was measured in modified Warburg manometers 
(Gerard, 1931) at 37°C. The total volume of fluid in each chamber was 
always 1.0 ec., 0.1 ec. of this being N/2 NaOH and the rest either brain 
extract or extract plus the desired reagent. The preparations were un- 
buffered unless otherwise stated. 

Resutts. I. Respiration of the sol. A. Residual respiration of the sol 
was comparatively high the first hour, but fell gradually to nil by the 4th 
to 6th, presumably with the exhaustion of available substrate. Typical 
Qo, values (cubic millimeters oxygen consumed per cubic centimeter brain 
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solution per hour) are shown in figure 1. The total oxygen consumption 
for the first three hours averaged 18.1 in all experiments (50). Since each 
preparation was homogeneous, duplicate manometers gave excellent agree- 
ment, but rates for different brain sols varied from 15 to 30. The 3 hour 
average per milligram dry weight was 0.35 to 0.5 cmm. O2 per hour (com- 
pare with 3 to 5 for minced brain), that for the first hour being 1.0. For 
intact brain (Brookens, Ectors and Gerard, 1936) initial values per milli- 
gram dry weight may be as high as 20, though in vitro average values are 
5 to 10 during the first hour. 

This residual respiration falls as the sol ages, and even at 1 to 2°C. dis- 
appears in 1 to 2 weeks though 85 per cent remains after 3 days. The 
respiration is partly heat stable, over } remaining after a half-hour at 
60°C. ; lactate oxidation is likewise partially heat stable (see later 
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The R.Q. of the sol is 0.48 (compare with an R.Q. of 1.0 for whole brain, 
Dickens, 1936). Such a low value could not be associated with the com- 
plete oxidation of carbohydrate, protein or lipoid. It suggests, rather, that 
dehydrogenations are not carried to completion, so that little CO» results. 

What substrate is oxidized during residual respiration, which is quite 
constant from one brain to another, is of interest; the more so since it is 
not one of the carbohydrate derivatives responsible for the major part of 
the respiration of intact brain (e.g., Holmes, 1932). Sodium monoiodo- 
acetate inhibits glucose oxidation bet ween the triose-phosphate and pyruvic 
acid stages (Meyerhof, 1933) or even earlier and should, therefore, decrease 
residual respiration to the extent that glucose or hexose-phosphate is in- 
volved. The observed depression, with M/100 iodoacetate, is only 10 
per cent (compared with 87 per cent in brain slices), so that no considerable 
carbohydrate oxidation is occurring. Further, lactate added to sol is 
oxidized, but glucose hardly at all. According to Quastel and Wheatley 
(1932), many narcotics inhibit the dehydrogenation of glucose, lactate 
and pyruvate by brain tissue, yet urethane in the concentration they used 
(0.25 per cent) gave no significant inhibition and M//100 sodium arsenite, 
another dehydrogenase inhibitor, decreased the oxygen consumption of the 
sol only 6 per cent (1 expt.), while that of brain brei was decreased by 73 
per cent. 

Cyanide, by contrast, cuts out two-thirds (63 per cent) of the residual 
respiration, presumably by action on the indophenol oxidase. This is true 
for M/100 cyanide; a more dilute solution, 4/1000, increases oxidations 
by as much as 100 per cent in some experiments, 31 per cent on the average. 
Apparently at sufficient dilution cyanide accelerates certain oxidations 
more than it inhibits others. Cyanide-hematin is a powerful catalyst for 
lipoid oxidations (Wright and Van Alstyne, 1931) and cyanide increases the 
oxidation of methyl-glyoxal (Meyerhof, 1925; Ariyama, 1928; see below). 
It prevents the inhibitory action of pyruvic acid on lactate oxidation 
(Green and Brosteaux, 1936) and may itself undergo a coupled oxidation 
with glucose in alkaline solution (Harned and Deere, 1934). The accel- 
erating action of cyanide on the respiration of Chlorella in the resting state 
and its inhibiting effect on the extra respiration in nutrient solutions will 
be recalled (Emerson, 1927). An attempt to demonstrate oxidation of sol 
lipoids in the presence of cyanide by a change in iodine number was un- 
successful. 

To eliminate completely larger structural elements, the sol was filtered 
through a porcelain candle. This decreases oxygen consumption at most 
by one-fifth, and even this loss may have been due to a rise in temperature 
during filtration. The R.Q. and substrate oxidizing ability of the filtered 
material (so far as tested) are unchanged. The enzyme reactions of the 
sol are, therefore, essentially independent of organized structure. The 
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indophenol oxidase and probably other enzymes are associated with fairly 
large particles since they can be centrifuged out of solution with even 
moderately high speeds (Ogston and Green, 1935b; Hoerr, personal 
communication); and for brain sol also sufficient centrifuging reduces both 
the residual respiration and the oxidation of added succinate and para- 
phenylenediamine. The particles in this case must be under 0.02 to 0.03.4 
since little or no enzyme loss resulted from filtration through porcelain of 
such pore size. 

The washed residue from the original centrifugation, with almost no 
respiration of its own, may still double the respiration of the sol on remixing 
with it. The average increase is 20 per cent (fig. 1) for unfiltered sol, 50 
per cent after filtration, and the excess oxygen consumption is over in four 
hours. On remixing the washed residue with its washings there was no 
such effect. The accelerating influence of the debris is not related to its 
contributing “‘structure’’ to the mixture since no increase of sol respiration 
results from addition of inert colloids; such as acacia or albumin. Of 
course a specific active adsorption compound might be formed from 


moieties in the separate fractions; and it is interesting that urethane (0.25 


per cent), which presumably acts by adsorption, entirely abolishes the 
extra respiration of mixed sol and residue while not affecting their separate 
respirations. 

The extra respiration of the mixture is partly due to the oxidation of 
additional substrate, for not only is the rate greater but the total oxygen 
consumed, dependent on available substrate, is also increased by 20 per 
cent. It is striking that added lactate likewise increases the respiration 
of the mixture one-fourth more than it increases the sum of the respira- 
tions of sol and residue treated separately. Further factors are important, 


however, since mixing solution and residue after the oxygen consumption 


of each has ceased does not restore the respiration of the mixture as if 
should if additional substance can be burned by it. 

B. The effect of pH. The pH of the solution immediately after prepara- 
tion ranges from 6.7 to 7.0 from one brain to another, and is maintained 
during several days on ice, or throughout an experiment at 37°C. Resid- 
ual respiration is not sensitive to moderate pH changes, for a series of 20 
preliminary experiments showed this to be greatest at pH 7.6 and only 
6 to 8 per cent less at pH 7.2 or 8.0. Addition of 1/10 volume of M/15 
phosphate buffer at pH 7.4 does not noticeably affect the residual respira- 
tion of the sol or its oxidation of any substrate except methyl glyoxal. 
It may, moreover, be acidified to pH 3.8 and reneutralized without signifi- 
cant decrease of oxygen consumption. 

C. Oxidation of substrates. The rate (and amount) of oxygen consump- 
tion of the sol might be limited by the amount of enzyme or of substrate 
present. In the latter case, addition of an appropriate substrate should 
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increase respiratidn. ‘The following were tried in M/100 and sometimes 
\I, 1000 final concentration: glucose, fructose, sodium lactate, glycero- 


phosphate, pyruvate, succinate, citrate and oleate, methyl glyoxal, glycine 
and paraphenylenediamine. Of these, sodium suc inate, sodium glycero- 
phosphate, sodium lactate, fructose, methyl glyoxal and paraphenylene- 
diamine are oxidized. Sodium oleate and citrate inhibit the residual 
respiration by 30 to 50 per cent. Results are summarized in table 1. 
Glucose. In a large series of experiments, no increased oxygen Ccon- 
sumption could be demonstrated on adding M/100 or M/1000 glucose. 
An essential enzyme seems peculiarly sensitive to destruction of cell strue- 
ture, for glucose addition increases the respiration of chopped but not 
cytolysed brain about 40 per cent. Progressive dilution of brain brei with 


TABLE 1 


Effect of substrates on oxygen consumption of the solution 


SUBSTRATE ADDED NUMBER OF (2 CONSUMPTION IN PER CENT 
EXPERIMENTS OF B8OL ALONE 

Glucose, M/100 10 93 94 
Lactate, ]M/100 5 178 150 
Citrate, M/100 2 70 74 
Oleate, M/100 17 
Oleate, M/100 + CaCl,, M/100 2 75 71 
Fructose, M/100 2 125 129 
Pyruvate, M/100 2 110 95 
P-phenylenediamine, M/100 2 1450 1220 
Succinate, M/100 5 2150 1570 
Methyl glyoxal, M/100, unbuffered 1 115 111 
Methyl glyoxal, M/100, buffered 2 129 125 

2 162 136 


Glycerophosphate, M/100 


water does not stop glucose oxidation until a dilution (1:14) greater than 
that in the sol is reached (table 2), presumably because the inner cells of a 
clump are protected against cytolysis. Brei with water added, which 
oxidizes glucose, and the uncentrifuged suspension, which does not, differ 
as to the degree of cytolysis and the amount of dilution of cell protoplasm 
consequent to cytolysis. The former factor seems the more important 
since, when complete cytolysis is assured by thoroughly grinding the 
chopped brain, a dilution of less than 1:2 entirely eliminates glucose 
oxidation. This can hardly entail a serious loss of coenzyme, and active 
glucose dehydrogenases have been obtained from liver (Harrison, 1931) 
and blood cells (Warburg and Christian, 1931) after destroying cell struc- 
ture. Further, a loss of the oxidase-cytochrome system, if involved at all, 


is not important, since methylene blue dees not restore glucose oxidation. 
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Presumably the dehydrogenase has somehow been inactivated by our 
procedure of water cytolysis. 

Other workers have noted that dilution per se may cause diminution of 
respiration. Thus Warburg (1911) found that a concentrated suspension 
of laked red cells uses 60 to 75 per cent more oxygen than intact cells, but 
that dilution causes a rapid decrease in oxygen usage, and Krebs (1935 
confirmed this for a suspension of kidney brei. He suggested that systems 
which lose activity on dilution involve reactions of ternary or higher 
orders, since dilution rapidly decreases the chance of multiple collision 
In the present system, except with glucose, dilution has little effect. s« 
either binary reactions are involved or more than one reactant is carried 
on the same colloidal particle. This seems to be the case for the oxidase- 
cytochrome-succinic-dehydrase system. 

Lactate is rapidly oxidized by the sol, the extra oxygen consumption 
(SO per cent) being nearly completed in an hour. It is also oxidized by 


TABLE 2 


Effect of water dilution on oxidation of glucose by brain bre 


BREI WATER RINGER Wire 
GLUCOSE GLUCOSE INCREASE 
0.05 0 0.75 103 623 13 
0.05 9.2 0.55 $44 577 30 
0.05 0.3 0.45 {38 680 5d 
0.05 0.4 0.35 $52 {83 7 
0.05 0.5 0 25 389 $52 16 
0.05 0.6 0.15 299 395 9 
0.05 0.7 0.05 166 203 22 


the washed residue, increasing respiration about 200 per cent. Added to a 
mixture of sol and residue, lactate causes an extra respiration greater than 
the sum of the separate increases. Thus, with lactate, the oxygen con- 
sumption of sol and residue run separately totals 22.2 cmm. for the first 
hour, while that of the mixture is 28.4, an increase of 28 per cent. Recom- 
bination of dehydrogenase and coenzyme, partially separated in residue 
and sol, could account for this increase. 

The oxidation of lactate is not entirely abolished by heating, even to 
boiling. The oxygen uptake of heated sol plus lactate (13.5 emm.) is 3 
times that of the heated sol alone (4.5 emm.) and over half that of the un- 
heated sol plus lactate (20.2 cmm.). What the heat stable mechanism for 
lactate oxidation may be is unknown—no such effect was noted with any 
other substrate. 

Methyl-glyoxal is oxidized to a moderate extent, the average increase in 
respiration being 11 per cent for 3 hours. As it oxidizes, acid is formed, 


| 
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sufficient to precipitate the sol proteins after 1 to 2 hours. Addition of 
buffer prevents this precipitation, and oxygen consumption is then in- 
creased by 25 per cent. The comparatively small amount of oxygen con- 
sumed by the methyl-glyoxal (25 emm. or 1uM) would not correspond to 
enough acid production to precipitate the proteins, which requires about 
SuM of HCl. Probably, therefore, methyl-glyoxal is undergoing a reac- 
tion involving acid production without oxygen consumption, as in dismu- 
tation to lactic acid. 

Sodium succinate and p-phenylenediamine increase the residual respira- 
tion markedly, 20 and 14 times respectively for the first hour after addition. 
Succinate is oxidized so vigorously that, in M/100 concentration, oxidation 


COWCENTRATION MOLES 


Fieure 5 


Time Hours 
Fig. 3. Oxygen consumption of the sol in the presence of succinate in 0.003 to 0.017 
M. concentration. Top curve represents initial oxygen consumption rates plotted 
against molar concentration. 


is ended in 2 to 3 hours. Upon addition of more substrate, the oxygen 
consumption resumes nearly its original high rate. These substrates are 
also oxidized (though more slowly) by a sol that has been kept in the ice- 
box until its residual respiration is zero. 

Although the oxidation by tissues and tissue extracts of succinate and 
p-phenylenediamine are commonly associated quantitatively (Thunberg, 
1930; Quastel and Wheatley, 1932), the enzyme systems involved are not 
identical. Thus, Quastel and Wheatley (1931) have found that malonate 
inhibits the oxidation of succinate but not of p-phenylenediamine by brain 
slices, presumably by competing for the succinic dehydrogenase. Simi- 
larly, in the present brain sol malonate inhibited succinate oxidation, 


reducing to } or } the extra oxygen consumption due to succinate alone, 


« 
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but had no effect on that of p-phenylenediamine. P-phenylenediamine is 
supposed to be oxidized by the Atmungsferment directly, while succinat: 
oxidation depends on this plus a special dehydrogenase at least. Results 
with cyanide and methylene blue (see below) also point in this direction 
Ogston and Green (1935a) offer evidence that the eytochrome-indopheno! 
oxidase system catalyzes the reaction of succinic acid and its dehydrogenase 
with molecular oxygen and that even for p-phenylenediamine oxidation 
cytochrome is required in addition to the oxidase. 

The respiration of chopped brain (50 mgm.) is increased 3 to 4 times in 
the first hour after adding sodium succinate (0.1 ec. M/10); that of the sol 
(1 ec.) 20 times (fig. 2). Suecinate oxidation by the sol is almost complete 
in 2 hours, when 111 ¢emm. Os have been consumed, while in the same time 
the brei has consumed only 98 cmm. The extra oxygen used (above the 
normal respiration without substrate) per milligram dry weight of chopped 
brain and of sol respectively is 6.8 and 17.8 cc. for the first 2 hours; and the 
sol excess is even more striking for the first 30 minutes, during which the 
amounts are 2.4 for brei, 6.7 for sol. The sol is able, therefore, per unit dry 
weight, to oxidize succinate almost three times as rapidly as the brain 
from which it was prepared. Whether this represents a true concentration 
of enzyme, better diffusion relations in the sol, or loss of inhibitors present 
in Whole brain (a “sparing” action of lactate has been reported, Quastel and 
Wheatley, 1932), has not been established. 

At 37°C. and 750 mm. Hg, 125 emm. of oxygen should oxidize 0.1 ce 
\M/10 sodium succinate to fumarate. In some experiments, however, the 
actual oxygen consumed exceeded this by as much as 60 to 65emm. There- 
fore, some of the oxygen consumed is used either to further oxidize the 


fumarate, or is being diverted to another substrate (vide St. Gyorgyi's 


theory of the carrier role of succinate-fumarate). The oxygen consump- 
tion never reached 250 ecmm. (one molecule of oxygen per molecule of 
succinate). The R.Q. for the oxidation of succinate is zero—a slight CO, 
production (7 emm. CO, to 192 emm. Oz) is due to the residual respiration 
itself—and, of course, the transformation of succinate to fumarate does 
not involve the liberation of CO... The other oxidations, by the excess 
oxygen not accounted for by this reaction, must also stop before COs is 
formed. 

Oxidation rates were measured at succinate concentrations from 0.0009 
M to 0.11 M in an effort to determine a velocity constant. The curves 
obtained have roughly the same slope between 0.003 M and 0.017 M (see 
fig. 3) but, assuming either one molecule or one atom of oxygen is used per 
molecule of succinate, calculations do not yield a constant. 

Glycerophosphate is not oxidized as rapidly as the above substrates, but 
increases sol oxygen consumption 62 per cent for the first hour, 36 per cent 
for the first three. Green (1936) has found the glycerophosphate de- 
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hydrase more concentrated in brain than in other tissues. Its activity is 
enhanced by cyanide and sodazide, depressed by narcotics, and the main 
oxidation product is glyceraldehydephosphate. 

Sodium citrate and oleate inhibit respiration, possibly by removing cal- 
cium ion; and addition of equivalent amounts of CaCl, partially restores 
oxidations. Calcium ion thus seems to influence the residual oxidations 
of brain sol in the reverse direction to oxidations in peripheral nerve 
(Chang, Shaffer and Gerard, 1935) or brain slices (Dickens and Greville, 
1935). 

D. Effect of cyanide. The respiration of sol alone is inhibited by 1/100 
and accelerated by M/1000 cyanide, but the extra oxygen consumption in 
the presence of substrates is uniformly inhibited. Methyl-glyoxal is an 
exception, its oxidation by sol or by chopped brain being accelerated 4 to 5 
times (table 3). A similar influence of cyanide on methylglyoxal oxidation 


TABLE 3 


Effect of cyanide on the oxidation of substrates by the sol 


| OXYGEN CON- 
NUMBER OF 
SUBSTRATE ADDED vena OF SUMPTION IN 
EXPERIMENTS 
PER CENT 


None ‘ 37 
M/100 methyl glyoxal 529 
M/100 Na succinate F 10 
M/100 Na succinate + 0.01 per cent methylene blue K 18 
M/100 p-phenylenediamine y 4 
M/100 p-phenylenediamine + 0.01 per cent methylene 

blue 2 3 


* Values expressed in per cent of the oxygen consumption of the sol plus substrate 
without cyanide. 


was reported by Meyerhof (1925) and confirmed by Ariyama (1928), who 
found the glyoxal was converted quantitatively to an unidentified volatile 
acid. Brain sol, however, almost doubles the oxygen consumption of a 
cyanide and glyoxal mixture, so that enzyme activity is also enhanced. 

The oxidation of succinate is inhibited almost completely (92 per cent) 
by M/100 cyanide, and methylene blue (0.01 per cent) is able to restore it 
to one-fifth of normal. P-phenylenediamine oxidation, on the other hand, 
is completely inhibited by cyanide, and no restoration can be obtained with 
methylene blue. These results offer further evidence of two different 
oxidizing systems. Succinic acid presumably requires activation by a 
dehydrogenase as well as the presence of oxidized cytochrome before being 
oxidized, while p-phenylenediamine requires no special activation in the 
presence of the oxidase system (Keilin, 1929). Cyanide inhibits the oxida- 
tion of both compounds by preventing the oxidation of cytochrome. 
Methylene blue substitutes for the cyanide inhibited oxidase system and 
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completes the oxidation of succinate activated by its dehydrase (Gerard, 
1932). Active succinate has a lower redox potential (— 0.437, pH 7) than 
the p-phenylenediamine molecule (estimated to be about +0.36) so that 
methylene blue, whose potential is +0.011, can oxidize only the former. 

Il. Respiration of the centrifuge residue. This residue, about } by volume 


of the original suspension and consisting of a semi-solid mass of cell debris, 


2 to 3 times as rapidly as does the sol. The rate falls to zero after 3 or 4 


membranes, blood vessels, uncytolyzed nerve fibers, ete., consumes oxygen 


washings, but the washed residue is still able to oxidize succinate and 
p-phenylenediamine rapidly, lactate to a lesser extent (18 emm. Os per ce. 
in 3 hours) and glucose not at all. With suecinate, 128 emm. Os per cc 
are consumed by the residue during the first hour, which is more than that 
for an equal volume of sol but considerably less per mgm. dry weight (12 ce 
for sol; 3.5 for residue). This is true also for the oxidation of p-phenyl- 
enediamine. 

Ill. The isoelectric precipitate. When acid is added to the sol, a precipi- 
tate of protein and lipoid components forms. It is most abundant at pH 
4.6 and is partially redissolved in more acid or alkaline media. When re- 
dissolved in water and neutralized to litmus, this material still has a residual 
oxygen consumption 3 to 3 that of the original sol.* 

The redissolved precipitate oxidizes succinate and p-phenylenediamine 
as rapidly as does the original sol, whereas the supernatant solution does 
not consume oxygen spontaneously or in the presence of any substrate tried. 
All activity, therefore, is in the precipitate. The decrease in residual 
respiration is not due to acid destruction of the enzyme, since if the solution 
is brought to pH 3.8 and reneutralized without separating it into fractions 
no decrease results. Substrate loss into the supernatant solution when 
the enzyme is precipitated probably accounts for the diminution. 

The residual respiration of the precipitate is greatest on precipitation 
between pH 5.5and 4.3. Below 4.3, although the volume of precipitate is 
still large, respiration is much smaller, and above 5.5 little precipitate is 
formed. The residual activity can be decreased by repeatedly washing 
the precipitate with acidified water or, less readily, with acidified phosphate 
solution, though the volume of the precipitate is little diminished. Two 
washings with water or three with phosphate are sufficient to abolish nearly 
all residual oxygen consumption. 

Since succinate is oxidized by the precipitate, per milligram dry weight, 


2 It is worth noting that neutral red inhibits this respiration completely. A long 
series of experiments in which this dye was used as an indicator was thereby invali- 
dated. It was later found that neutral red also inhibits the respiration of the sol, as 
well as the excess oxygen consumption produced by the addition of succinate. We 
are indebted to Dr. D. R. Briggs for first preparing the isoelectric precipitate. 
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more rapidly than by the solution, concentration of the succinate enzyme 
by fractional acid precipitation was attempted. Successive fractions were 


precipitated by small increments of acid and separately removed. The 


. 4 . 
most active fraction (though not the greatest in bulk), obtained at pH 4.6 


to 5.0, oxidizes succinate 2 to 3 times as rapidly as the original sol and 6 to 
8 times as rapidly as brain brei. The purification of the enzyme is being 
pursued. 

Discussion. When brain is cytolyzed and extracted with a large 
volume of water, the solid debris continues to consume oxygen, indicating 
retention of substrates and catalytic systems. After washing, this dis- 
appears due to substrate loss, since added lactate, succinate and p-phenyl- 
enediamine are still oxidized. The catalysts are retained, including the 
soluble coenzyme for lactate oxidation. Probably some cells have not 
been fully eytolyzed even by this drastic handling. 

The colloidal tissue extract also contains complete oxidation systems for, 
at least, lactate, methyl glyoxal, @ glycerophosphate, succinate and p- 
phenylenediamine, and continues to use oxygen until substrate is gone. 
The residual respiration is not inhibited by moderate concentrations of 
cyanide, though it is by M/100 cyanide, nor by narcotics or arsenite, nor 
by iodoacetate—though respiration of intact brain is depressed by all these 
agents in the same concentrations. Glucose can hardly be the substrate, 
since the glucose dehydrogenase system is quickly inactivated by cell 
destruction and dilution, since iodoacetate does not inhibit, and since, 
finally, glucose is probably all changed to lactic acid during the preparation 
of the brain fractions. Succinate oxidation should be inhibited by arsenite 
and urethane, and it is quite possible that stronger concentrations of these 
agents, as of cyanide, would inhibit, for intact cells are commonly more 
sensitive to inhibitors than are their oxidizing systems when reconstructed 
in vitro. But added succinate is so rapidly oxidized that any originally 
present could hardly account for the feeble prolonged residual respiration. 
This most likely depends on lactate, which is present in significant amounts 
and which is slowly oxidized when added. Further, on remixing residue 
and sol the oxygen consumption exceeds the sum of the two separately and 
the same excess is found for the increased respiration due to lactate addi- 
tion. Whether this excess is due to remixing dehydrogenase and coen- 
zyme, largely separated by extraction, or improved concentration relations 
of the reactants (e.g., if most of the dehydrogenase remains behind while 
most of the lactate and carrier are extracted) we cannot say. Structural 
factors do not seem to be concerned. 

The lactate oxidation is, further, incomplete (R.Q. = 0.5) and somewhat 
anomalous in that it is in part thermostable (again like the residual respira- 
tion). This is being further explored. 

The ready oxidation of added succinate demonstrates the presence of 
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this dehydrogenase and the indophenol ronnie 


Oxidation of succinate ‘ ields no C¢ do, vet considerably more oxygen is used 


than required to change it all to fumarate. This extra oxygen could not 
all be accounted: for by other substrates reducing fumaric (or oxalacetic 

acid, as in Szent-Gyorgyi’s (1936) scheme, since the total residual oxygen 
consumption (20 emm. Os) of the sol, which is a measure of oxidizable 
1 


substrate, is only 4 the amount in question. Further, when the extra 


oxygen consumption following one succinate addition is ended, and any 
substrate depending on it as a carrier fully oxidized, a second succinate 
addition again leads to greater oxygen use than theoretical. Malonate, 
which inhibits the succinic dehydrogenase, has no effect on the residual 
oxygen consumption of the solution, and finally, the total amount and rate 
of oxygen consumption when succinate and lactate are simultaneously or 
successively added is no greater than their separate sum.’ In this system, 
therefore, there is no evidence for a carrier rdle of succinate. (Compare 
Greville, 1936.) The additional oxygen usage presumably serves to carry 
oxidations past the fumarate stage. 

Because of these non-stochiometric relations attempts to analyze veloci- 
ties and orders of reaction have had little success. The initial oxidation 
rate is independent of the concentration of succinate added over a consid- 
erable range. Yet the rate rapidly falls with time even when a large 
amount of succinate is initially present. Here the quantity left after a 
period of oxidation is still greater than that originally added in other 
experiments and which gave a maximal initial rate. An entirely analogous 
situation was encountered in the oxidation of lactate by Sarcina lutea 
(Gerard, 1930). Possibly substrate is relatively rapidly modified by one 
reaction to an intermediate form from which it is supplied to the catalytic 
system for oxidation at a rate dependent on the concentration of the inter- 
mediate. 


SUMMARY 


Rabbit brain was cytolyzed by grinding and suspending in 10 volumes of 
water and extracts made as follows: 1, the supernatant solution after 
centrifugation; 2, the washed centrifuge residue; 3, a preparation made 
from the sol by isoelectric precipitation, centrifuging and redissolving in 
dilute alkali. The oxidizing systems of these extracts were studied. 


3 In 6 experiments on rat brain sol, paralleled by 2 on rabbit, the initial rate in 
sol alone was 18 during a half hour. With nothing tipped, the rates for the following 
10 minutes and one hour were 14 and 11; with succinate tipped, 35 and 22; with lactate 
tipped, 24 and 12; and with both, 56 and 25. The increase with both substrates for 
the hour is equal to the sum of the increases produced by each alone: (25-11) com- 
pared to [(22-11) + (12-11)]. For the first 10 minutes the total rate together is the 
sum of the separate rates, but the increase above sol alone is greater in the mixture. 
A slight carrier action may therefore be present. 


1 
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All three respire to a small extent in the absence of substrate, the oxygen 
consumption of the sol being about one-tenth that of the brain from whieh 
it was prepared. Addition of the centrifuge residue to the sol produces a 
coenzyme-like effect on residual respiration, the total oxygen consumption 


of the two together being 20 per cent greater than the sum of their sepa- 


rate ones. The factor in the residue is heat stable, and some part of the 
system is inactivated by urethane. 

The sol oxidizes methyl glyoxal, glycerophosphate, lactate, fructose and, 
with great vigor, succinate and paraphenylenediamine. The activity of 
the succinate oxidizing system is 2 to 3 times as great as that of intact 
brain. Szent-Gyorgyi’s suggested carrier réle for the succinate-fumarate 
system is not confirmed on this extract. 

The glucose oxidizing system is destroyed (or inactivated) by cytolysis. 
The lactate system is not completely destroyed, but its components are 
separated by centrifuging, so that lactate oxidation by sol or residue alone 
is less than by the mixture. 

M/1000 cyanide stimulates and M/100 cyanide inhibits the residual 
respiration of the sol. It also stimulates the oxidation of methyl glyoxal, 
partly itself exerting a catalytic action and partly increasing the action 
of the enzyme. Cyanide inhibits the oxidation of succinate and para- 
phenylenediamine by the sol, and methylene blue partially removes the 
inhibition of succinate but not of paraphenylenediamine. 

The extract prepared by isoelectric precipitation has at least two enzyme 
systems still present, those involved in succinate and paraphenylenedi- 
amine oxidation. This extract, per unit dry weight, contains 6 to 8 times 
as much succinate oxidizing activity as the original brain, indicating : 
partial purification of the enzyme. 
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That-the diurnal cycle of sleep and wakefulness is an individually 
acquired phenomenon depending upon the cerebral cortex for its establish- 
ment and maintenance was concluded from observations on decorticated 
dogs made by Kleitman and Camille (6). In attempting to elucidate the 
mechanism responsible for the development and persistence of this cycle, 
we found that it runs parallel with the diurnal body temperature curve 
(8) and diurnal variations in steadiness and performance of muscular and 
mental tasks (7,9). The present report deals with the time of establish- 
ment of the diurnal cycle, as judged by the appearance of a definite diurnal 
body temperature curve, in the human subject. 

Since the diurnal alternation of sleep and wakefulness is absent at birth, 
one would expect to find no diurnal variation in body temperature in the 
very young infant. However, data available in the literature show that 
even the new-born exhibit such a daily variation in temperature, some- 
times amounting to over one-half a degree Centigrade. The earlier 
observers, such as Baerensprung (1), obtained fragmentary and unrelated 
figures, constructing composite curves based on temperature readings made 
at different hours on successive days, emphasizing morning and evening 
temperature levels, or contrasting sleep with wakefulness. The first 
systematic study was made by Jundell (5), who in a 100-page paper 
reported temperature observations, over periods varying from 2 to 11 days, 
on 47 new-born babies, some 50 infants between the ages of three weeks 
and nine months, three older children, and five adults. Jundell found that 
diurnal temperature range increased with age and he constructed com- 
posite curves for different age groups. Although he took body temperature 
readings six times daily, his composite curves are based on 12 or 18 points 
obtained by staggering the hours of observation for different subjects. 
Jundell’s tables do not show the room temperature, even though Baeren- 
sprung’s figures indicate some influence of the room temperature on the 
body temperature, and room temperature is usually higher in the daytime 
than at night. 


1 Aided by a grant from the Rockefeller Foundation. 
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Our own observations were made on new-born babies at the Chicago 
Lying-In Hospital and on older babies and children at the Bobs Roberts 
Memorial Hospital. The new-born were entirely normal, and the older 
ones were in the hospital for observation or for the correction of nutritional 
disorders, and, with some few exceptions, were not “sick’’ and did not have 
fever. Their rectal temperature was determined every two hours, except 
that between midnight and 8 a.m. only one reading was made, at 4 a.m. 
The immediate environmental temperature was read off from a thermom- 
eter attached to the child’s bed. The periods of sleep and wakefulness, of 
eating, and of activity were also noted. (For the purpose of comparison, 


TABLE 1 
The ratio of the average diurnal temperature range in a given age group (AR) to the range 


of the average, or composite, diurnal body temperature curve for that group (RA) 


Upper sets of figures based on our data; lower, on those of Jundell 


GROUP 
AVERAGE THE AVERAGE DIUKNAL TEMPERA 
OF THE TURE CURVE FOR THE AGE GROUP 
DIURNAL 
TEMPERA 
TURE 
RANGE 
AR 


VARIATION IN 

NUMBER INDIVIDUAI 

AGE GROUP oF DIURNAI 
SUBJECTS TEMPERATURE 

RANGES 


New-born 3 7: 62 
1-5 mo. iy 80 
7-11 mo. 

14-22 mo. 

3-6 yr. 

7-13 yr. 


New-born 

New-born 

New-born 7 3s 36 

<6 mo. i : if 37 

2-5 yr. 94-1.4: 2: 

19-22 yr. 8 37 
nearly 100 hospital records of non-fever patients of all ages (from a few 
weeks to 80 years) and comprising periods from 4 to 60 days were studied 
for the diurnal variations in temperature.) 

From four to ten children of each of the following age groups were 


observed for about ten days: new-born, older ones up to 6 months, 7 
to 12 months, 13 to 24,months, 25 months to 6 years, and 7 to 13 
years. For each subject we determined the average daily temperature 
range (AR) and then the range of the average curve for the period (RA). 
We also noted the variations in the individual average diurnal temperature 
ranges, and constructed composite average curves for the different age 
groups. ‘The room temperature data were handled in the same manner as 


RA 
( 
36.95 36.68 0.27 2 30 
37.28 36.72 0.56 1 43 
37.38 36.56 0.82 1 20 
37.51 35.95 1.56 1.07 
37.50 36.15 1.35 1 16 
37.73 36.36 .37 1 05 
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In all figures the body temperatures (B.T.) are plotted above and the room tem- 
peratures (R.T.) below the baselines. The temperatures are expressed in degrees 
Centigrade, and the scale is the same in all figures, except for room temperatures in 
figs. 7, 7A, and 8, where it is half that scale. The time is indicated in 12-hourly 
periods on the baseline, a thick mark indicating midnight, and a thin one, noon. In 
figures 3, 3A, 4, and 4A the thin portion of the baseline refers to periods of wakeful- 
ness. In figures 5, 5A, 6, and 6A the dots above the baseline indicate times of feed- 
ing. Figure 1A is plotted from the averages of the data used for figure 1, and the 
same applies to the other ‘‘A’’ figures. 

Figs. land1A. Normal new-born baby, first 6 days of life. 

Figs.2and2A. Normal baby, 3} months old. A suggestion of a regularity in the 
diurnal temperature curves. 

Figs.3 and3A. Normal child, 15 months o!'d. The ranges are about the same as 
in figure 2, but a much greater regularity and superimposability can be seen in 
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those for the body temperature. In addition, we looked for the relative 
constancy of the high and low temperature values as regards their magni- 
tude and hours of occurrence. This constancy, or lack of it, could be 
determined for the individual or age group by obtaining the ratio of AR to 
RA, that ratio being high when the high and low temperature points were 
reached at different hours on different days, and approaching one as thi 
diurnal temperature curves became more superimposable. 

In table 1 is presented a summary of our temperature data, as well as 
Jundell’s figures (5) arranged in a similar manner. It will be seen that 
there is a parallelism between these two sets of figures, but that our 
figures are uniformly higher than Jundell’s. This may be due to the fact 
that our diurnal curves are based on ten observations daily, while his are 
based on only six. In a general way, the group average of the diurnal 
temperature range increases with age, but during the second year of life 
there appears rather abruptly a marked increase in the magnitude of that 
temperature range, which is now almost doubled in value and definitely 
exceeds that of older children and adults. This increased range involves a 
very low minimal temperature, as only in this age group does it fall below 
36 degrees Centigrade. It will also be noted that the AR:RA ratios are 
high at first (also higher for our subjects than for Jundell’s, and probably 
for the same reason) but come close to 1.00 before the children reach the 
age of two years, indicating a more complete diurnal regularity. 

In figures 1 to 4A are shown the successive daily temperature curves as 
well as the average curves for a new-born baby, a baby 33 months old, a 
15-month old child, and one 9 years of age. We selected the 33-months 
old baby as the one that had the highest diurnal temperature range in its 
age group, and the 15-month old child as the one with the lowest in that 
category. We thus obtained diurnal temperature ranges of about the 
same magnitude (1.02° and 1.18° respectively), although the average 
diurnal ranges for the two groups were 0.8° and 1.67°. Yet the successive 


daily temperature curves of the older child can be superimposed upon each 
other more easily than those of the younger (figs. 2 and 3). 


figure 3. During the first two days of observation the daytime naps were absent, 
and the temperature range for those days was greatest. 

Figs. 4 and 4A. Normal child, 9 years old. Note the nicks in the daytime pla- 
teaus, coinciding with naps. 

Figs.5and5A. Child, 12 months old, with hydrocephalus. 

Figs. 6 and 6A. Child, 9 years old, brain tumor, hydrocephalus, unconscious for 
one year. A suggestion of higher temperatures following the feedings. AR:RA = 
1.53. 

Figs. 7 and 7A. Same child, changed feeding routine: the three daily feedings 
separated by equal intervals. Suggestion of regularity in temperature curve (7A) 
is lost. AR:RA = 2.66. 


Fig.8. Same child, during two of the occasional periods of hyperthermia 


HY N. KLEITMAN, S. TITELBAUM AND H. HOFFMANN 


That living for a certain length of time in a world run on a 24-hour 
schedule is in itself not sufficient for the establishment of a pronounced 


diurnal temperature cycle can be seen from figures 5 and 5A, in which the 
body temperature variations of a 12-month old hydrocephalic child are 
plotted. No regular temperature variation is evident in figure 5, and the 
average diurnal range is only 0.46°, or in the category of the new-born. 
Fig. 5A shows a slight tendency for the room temperature to be higher in 
the daytime than at night, and the same is true of the average body 
temperature curve. Furthermore, the diurnal body temperature curve 
may be lost even after it had been presumably well established, as appears 
from figure 6, which represents the variations in body temperature of a 
child of 9 years that had developed a brain tumor and had been uncon- 
scious for about one year. Here, too, we find an average diurnal body 
temperature range of 0.58° only, with a suggestion of diurnal regularity 
(fig. 6A). That child had to be fed artificially, and was usually given 
three meals between 8 a.m. and 6 p.m. When the feedings were spaced 
equally, every 8 hours, the slight diurnal regularity was lost, as is shown in 
figures 7 and 7A,and the AR: RA ratio increased from 1.53 to 2.66, although 
the average daily temperature range remained unchanged (0.60°). Usually 
the temperature of this child fluctuated between 37° and 38°, but from time 
to time it would go through periods of hyperthermia with much greater 
temperature fluctuations. The temperatures for two such periods are 
plotted in figure 8, from which it can be seen that, with some delay and 
irregularity, the body temperature seems to vary with the room tempera- 
ture. 

From the hospital records we could get information only for the daytime 
temperature, from 8 a.m. to 8 p.m., but, in general, these data confirmed 
the results obtained directly, particularly as regards the gradual increase 
of diurnal] temperature variation with age and the surpassing of the adult 
value during the second year of life. 

Discussion. Our results demonstrate that while there may be a 
diurnal fluctuation in body temperature even in young infants, the diurnal 
temperature cycle, in the sense of a regularly recurring and superimposable 
variation, first appears during the second year of the child’s life. A grad- 
ual approach to that state can be discerned during the first year in that 
the diurnal variation increases in magnitude practically from birth on. 
The factors responsible are partly exogenous and partly endogenous. 
Among the former, the diurnal variation in environmental temperature is 
of minor, if any, importance; the feeding routine which early in life is 
confined to the waking hours of the mother is probably of greater influence, 
as was shown by the effect of a change in the hours of feeding upon the 
body temperature of the nine-year old child with the brain tumor. The 
endogenous factor is probably the development of the nervous system 
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which permits of an adaptation of wakefulness and sleep to the alternating 


cycle of day and night. In passing from the polyphasic type of existence 


characteristic of the new-born to the monophasic seen in older children 
and adults, one of the first learned performances is sleeping through the 
whole night by skipping one feeding, and the gradual lengthening of th: 
daytime periods of wakefulness. Instead of sleep being the prevalent 
mode of existence, with wakefulness interrupting it periodically for short 
intervals of time, we end up with the waking state comprising 15 to 17 
hours out of the 24, and one continuous period of sleep, usually during the 
hours of darkness. As judged by the establishment of the body tempera- 
ture curve, we would place the change in the second year of life becaus 
of the sudden, marked increase in the diurnal body temperature range and 
the approach of the AR: RA ratio to 1.00. Learning to walk, with its 
resulting widening of the sphere of the child’s activity, is probably the 
outstanding influence during the second year of life. It is during this 
year that the average minimal temperature is below 36°C. It suggests 
that the almost incessant waking hour activity of children under two leads 
to greater fatigue and more complete muscular relaxation. Johansson 
(quoted from Jundell) demonstrated that even the adult can cut his diurnal 
temperature range in half by staying in bed, and we have shown (8) the 
marked effect of muscular tension and relaxation on the body temperature 

Unfortunately, earlier observers, like Baerensprung, Finlayson, Jundell, 
Gofferje, and Pilz, studied either babies under one or children of two years 
and over, and have missed the turning point, which occurs during the 
second year. But even Finlayson and Pilz reported a greater diurnal body 
temperature range in younger, as compared with older children and adults 

Another important feature, also noted by Finlayson, is the daytime 
temperature plateau with a rather sharp drop in the evening and an equally 
sharp rise in the early hours of the morning. In our figure 3, and more 
markedly in figure 4, it can be seen that the body temperature begins to 
drop in the evening long before the onset of sleep, and likewise begins to 
rise sharply shortly after midnight or long before awakening. If the sharp 
evening temperature fall is indicative of marked muscular relaxation, it 
would mean that the relaxation is the cause rather than the effect of sleep, 
and that it plays an important part in the mechanism of the diurnal cycle. 
We may be dealing with a vicious circle of wakefulness and sleep affecting 
the circulation and thus the metabolic activities of certain endocrine glands 
which, through the production of hormones, in turn affect the nervous 
system, fortifying the diurnal cycle of existence. That, in addition to the 
known factors which may be responsible for the establishment and mainte- 
nance of the diurnal temperature curve, there may be influences as yet 
unknown, appears from the mathematical analysis of several normal body 
temperature curves by Brouwer (2). 
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SUMMARY 


1. During the first vear of a child’s life there is a gradual increase in the 
body temperature range and in the regularity of the diurnal temperature 
curve, 

2. During the second year of life the adult type of diurnal temperature 
curve becomes definitely established, the range temporarily exceeding 
that of adult curves due to a lower minimal temperature. 

3. The important endogenous factor is the adaptation of the child’s 
routine of existence to the 24-hour cycle of alternating day and night, 
with respect to wakefulness and sleep, activity and rest. 


We are indebted to P. Feiveson and H. Koch for their assistance in 
gathering the reported data; also to Drs. F. W. Schlutz, F. L. Adair, and 
r. Bucy for the facilities of their respective hospital services. 
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Scarcity of oxygen in the inspired air is known to produce two chang 
in breathing: accelerated respiratory rhythm and increased tidal 
Variations of this response and their significance seem, however, to hia 
escaped attention. Sometimes the hyperpnes is limited to acceleratio 
alone (fig. LA), at other times it is limited to increased depth of breathn 
fig. SA) Between these two extremes there is eve ry shade of variation 
figs. 2A, 3A and 4A). 

\ comparison of the effects of intravenous injection of cyanide and of 
faradic stimulation of the saphenous nerve on pulmonary ventilation before 
and atter vagotomy reveals differences of breathing indicative of the causes 
of the variations of anoxic hyperpnea (Gesell and Moyer, 1935 Befors 
vagotomy the response runs importantly towards accelerated rhythm and 
after vagotomy toward increased depth of breathing which agrees wit] 
the findings of Scott (1908) Krom such observations we tentatively cor 
cluded that the Vad are essential for a high degree of acceleration 
that excitation of the respiratory chemore ceptors and of prada ¢ ndings are 
essential to increased depth of breathing. More recent studies on vaga 
mechanisms controlling breathing indicate that the phenome na Of rate 
and depth of breathing are inseparably combined (Brookhart, Steffenser 
and Gesell, 1986 It seems that any influence tending to increase the 
magnitude ot inspiration ean accelerate the rate of breathing through the 
parti ipation of vagal function and conve rsely that anv change in vagal 
function tending to alter the rate of breathing ean modify the effeet of the 
chemoceptive impulses and thus contribute to the control of depth of 
breathing. Accordingly, inherent differences in the pulmonary proprio 
ceptive and respiratory chemoceptive reflexes should establish individuali 
ties in balance of the respiratory influences and account for the 4 ariability 
ot re sponse to anoxemia in the dog. With this as a working hy pot he SIs 
we proceeded to record the respiratory response ol anesthetized dogs 
morphine-urethane) to oxygen scarcity (2.5 to 5 per cent Os in Ne) and 
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12 per cent CO 


30 per cent Oo in No) under varying respira- 


lenervations involving the Propr1o and chemoceptive paths 
ResSULTS 


tory 


We have done some twenty experiments of which five have 
selected to represent the wide 
inoxemia (figs. 1, 2,3, 4 


heen range of variations which occurs in 
and 3) In no two of these experiments do the 


respiratory components appear to be similarly balanced under any variety 


N\ 
D < A 


ha 
\ 


standard anoxemia wit! 


hig. 1. Respiratory responses to ivarving types of sense 
Innervation involvi 


carotid and aorti 


ry 
che moceptors of the 
lungs 


bodies and. the 
proprioceptive Sint 


a complete description see text The letters in 
the figures indicate innervations under consideration which are intact for any 
single observatiol | rortie che moceptors, é carotid chemoce ptors \ both 

ft and right cervical vagi, O complete A, C and X denervations LX left 
cervical vagus, LPX left pulmonary vagal fibers 


denervation In no two are the effects ot 


anoxemia under any 
of imnervation completely comparable The 


state 
results, therefore, offer an 
excellent opportunity of weighing the relative importance of the factor 
which we have studied. 


Figure 2.\ shows an increase in rate and depth of breathing during anoxe- 
mia with innervation intact. This response resembled most closely the 


| 
B < Cc 
A, x, > 
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pure acceleration type (fig. LA), particularly near the close of thi 
oxygen scarcity when the 


amplitude diminished below 
continued to increas 


When next the cheeking mechanism of th 
tory inhibitory fibers was removed by vagal block (2B) the 
increase in rate of breathing gave Wav to 
This hyperpnea resembled the 
animal to anoxemia (fig. 5A) in which 
this observation the 


augmentation of the tida 
amplitude type of response 


acceleration is missing. Folloy 
Vagus nerves were cle blo ked, the enrotiad 


Plana res 
denervated and anoxemia reéstablished Breathing then became 
rapid and shallow, changing to the pure acceleration type of resp 
anoxemia of the intact animal in figure LA \fter double iwotomyv (21) 
the stimulating effects of anoxemia on pulmonary ventilation were missing 


| 


| | A, x, | 


lig. 2 


Respiratory responses to anoxemia For 
of figure |] 


which agrees with the findings of Heymans et al. and others It mav be 


coneluded from this introductory experiment that modification of the pro 


prio and chemoceptive innervation produces profound 


response to anoxemia and that such 


procedure offers a ime thod further 
analysis of the 


mechanisms controlling the rate 


wid cle nth bore ithing 
in the complete animal 


In animal 3, the first response to 


anoxemia, While inner 
intact, exhibited a typical incre: 


ition Was stil 


ise in rate and depth of breathing (fig. 3.4 


It differed slight y from 2A, in the greater increase of tidal air throughout 


anoxemila The relatively high intensity of the 


amplitude component was 
further shown by the large incre: 


ise in tidal air in observation 3B durn 
anoxemia following Vagal block So far the 


» findings in animals 2 and 


iA 
B 
Annnnnnn nn nnn nn 
(| 
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differ only in degree but when the vagi were next deblocked and the carotid 
gland regions denervated su) the response to anoxemia was decidedly 
different from that of 2C. The augmentation of breathing was comparable 
to 3A with innervation intact but on asmaller seale. Before the following 
observation, 31D, the pulmonary branehes of the Vagus herves were cut 
Which left intaet only the chemoceptive paths from the aortie bodies In 
the absence of the Vagal proprioceptive accelerating influence, the depth ol 
breathing was now considerably increased, indicating that in this particular 
animal the amplitude influence arising in the aortic region as well as that 


hig. 3. Respiratory responses to anoxemia For description see text and legend 
ot figure | 


arising from the earotid glands was strong (figs. 3B and 3D) After 
vagotomy, 3h, anoxenua had relatively little effect only towards the close 
was there an obviously accelerated rate. Again we conclude that disturb- 
ances In balance of proprio and chemoceptive impulses importantly deter- 
mine the respiratory response of an animal to anoxemia and that identical 
denervations in different animals are capable of producing different im- 
balance. It seems that this difference in imbalance depends on the inher- 
ent intensity or effectiveness of various factors contributing towards 
respiratory control 
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\ slightly modified set of procedures Was used in animal four Phe right 
vagus nerve was cut at once. “This section presumably halves the influenc 


arising from the pulmonary proprioceptive endings and from the aortr 
chemoceptors Under these conditions (4A) anoxemia elicited a powerh 
response which slightly favored inerease in amplitude over mcrenst 
respiratory rhythm This relatively greater change in ce pth Ol breathing 
Was probably due to section of the right vagal proprioceptive fibers and 
Its consequent reduction of rate control Left vagal block (4B) accent 
ated the disproportionate increase in depth of breathing still more It wi 
be seen that there was an absolute increase of amplitude and only a sn 
increase In respiratory rhythm Next, 4C, the innervation was chat 
ly deblocking the left vagus and denervating the carotid gland region 
after which anoxemia evoked the aeceleratory tvpe ob response with 
decreased tidal air similar to that noted in 2C. In 4D an entirely new 
procedure was tried. The aortic nerves were cut thus eliminating al 
known chemoceptive impulses The left vagus was still debloeked, whiel 
retained the function of the left pulmonary vagal fibers \noxemia still 
accelerated breathing, even though no ceptors were available for 
stimulation This striking response in the apparent absence of peripheral 
chemical excitation suggests a third imap rtant factor controlling re spire 
tion during anoxemia which will be considered later After section of the 
pulmonary branches the previous effects of anoxemia were grossly changed 
There was a shght increase in depth and rate of breathing followed by a 
decrease in depth and final respiratory paralysis 

The experimental procedures in animal 5 were identical to those in am 
mal 4 vet the reactions to anoxemia were very different The first: anoxe 
min (S.A) elicited a pure amplitude response, a type to be expected only 
after double vagotomy. Such results are indicative of ineffective mec] 
nisms of rate control Nevertheless left vagal block slowed the basal rate 
of breathing (5B) suggesting that those nerves were exercising some sort 


of rate control. With the proprioceptiy e and aortie chemoce ptive impulse ~ 


It should be noted that the basal rate of breathing was increased after rnght 


vagal block over that of (4A) where the left vagus nerve was still functioning Su 


lar acceleration from simultaneous double-vagotomy is not uncommon and 


ably due to the removal of a rate inhibiting effeet of a continuous firing of the pi 


prioceptive endings. Paradoxical as it may seen, such rate inhibiting influences 
were seen to be conducive under proper circumstances to a high degree of accelera 
tion of respiratory rhythm (Brookhart, Steffensen and Gesell, 1935 They she 


that the effect of any group of afferent impulse supon breathing is largely deter 

by other impulses simultaneously impinging on the central respiratory mechanis: 
An injection of cyanide which by itself only moderately accelerates the rate 
breathing, when combined with a slowing effeet produced by stretching of the lungs 
may provoke a rate of breathing far in excess of that from evanide alone A sin i! 
injection after vagotomy may actually retard. It is well to keep this paradoxi 


action of the vagus nerve in mind in the interpretation of the control of bre 


HO ROBERT GESELL AND CARL MOYER 


hoW missing anoxemia produced the same increase in tidal air and the same 
lack of acceleration as in 4A which is suggestive of a relatively stronger 
influence of the carotid chemoceptors over that of the aortic chemoceptors 
on amplitude control. The carotid gland regions were now denervated 
and the left vagus nerve was deblocked (5C), which returned the pul- 


monary proprioceptive and aortic chemoceptive impulses, The increase 


A< LX, 


B 


C ¢A, Lx, 
LPxX, 


hig. 4. Respiratory responses to anoxemia For description see text and legend 


of figure | 


in amplitude from anoxemia noted in 5A and 5B was thereby abolished and 
an increased rate of breathing elicited for the first time in this experiment 
Further and complete removal of chemoceptive impulses by section of the 
aortic nerves (5D) were followed by even greater acceleration of breath- 
ing during oxygen scarcity. This compares with the behavior of animal 4 
Final section of the left pulmonary fibers (5E) eliminated the acceleration 


noted in 5D. The main effeet of anoxemia was depression 
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Fig Respiratory responses to anoxemia For deseriptior text and lege Loft 


figure | 


| 


Fig. 6. Respiratory responses to hypereapnia For description 


legend of figure 1 
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he response to anoxemia of animal | with innervation intact was 
danametru ally Opposite to thatin 5A The change in breathing Was almost 
exclusively one of rate \fter double vagal block (1B) the response to 
anoxemin Was also radically different from that of (5B There was very 
little augmentation of tidal air which is suggestive of a relatively small 
chemoceptive influence from the carotid glands. After deblocking of the 
vagi and denervation of the carotid gland region (1C) anoxemia produced 
aeceleration but less than that in the intact animal. After section of the 
pulmonary vagal fibers (1D) leaving only the aortic nerves intact, anoxe- 
mia produced a small increase in depth of breathing and also some irregu- 
larity Final section of the aortic fibers left ventilation unresponsive to 

Until a complete explanation of the control of breathing is available 
unexpected phenomena are likely to arise. We have already alluded to 
one (see footnote 3) in which the addition of an inhibitory effect to an 
acceleratory effect augments this acceleration still more and in our present 
experiments we meet with other unexpected results in which removal of 
the influence of the chemoceptor impulses leads to as great or to even 
greater acceleration during anoxemia than before this denervation (4D 
and 5D). This latter paradox seems to be related to the central action 
of lack of oxygen. Since carotid gland denervation and vagotomy remove 
all known sources of peripheral chemical excitation and since such denerva- 
tion leads to respiratory paralysis during anoxemia, Heymans (1931) and 
his associates concluded that lack of oxygen is without central excitatory 
netuion. When, however, the procedure of denervation ot chemoceptors 
is conducted in another Way, the results are very different Kor example, 
anoxenmia produced greater acceleration of breathing after a gross reduction 
of chemoceptors from denervation of the carotid glands (figs. 2C and 4C 
than with innervation intact (figs. 2a and 4a). And after removal of all 


known chemoceptors by additional section of the aortic nerves, anoxemia 


still produced the same acceleration (fig. 4D). If all means of peripheral 
chemical excitation are thus removed how then was acceleration produced? 

To be sure some unknown form of peripheral excitation in the lungs 
other than that at the proprioceptive endings is a possibility to be studied 
On the other hand there is a logical and seemingly more pertinent criticism 
of the view of non-central excitation of anoxemia based as it is upon double 
vagotomy and carotid gland denervation experiments. The criticism 1s 
that such denervation is too inclusive. It removes not only the chemo- 
ceptive signals but another most important group of afferent respiratory 
signals, the pulmonary proprioceptive impulses. We, therefore, raise the 
question whether it is fair to test the central action of oxygen lack in the 
absence of the proprioceptive respiratory drive. Inasmuch as the central 


respiratory mechanism functions largely on incoming impulses, is such a 
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test not roughly comparable to testing a carburetor or the 
gasoline engine when the flow of gasoline is interrupted? 

As to the nature of a central action of oxygen lack little ean be said An 
intensification of the vagal reflex which could bring about an earlier check- 
ing of inspiration and an earlier appearance of the succeeding expiration is 
conceivable and absence of a peripheral chemical drive as in (4D) would 


permit still earlier inhibition of inspiration and produce a shallow rapid 


type of breathing. The direct stimulation of breathing by localized cya- 
nide poisoning of the medulla (Winder, Winder and Gesell, 1933) and the 
augmentation of simple spinal reflexes by local cyanide action on the spinal 
cord (Kaufman, 1936) are other instances illustrating the possible influence 
of impaired oxidation. 

The respiratory response of the intact animal to the administration of 
carbon dioxide was on the whole more uniform than the response to oxygen 
lack. It consisted almost invariably of a substantial increase of tidal air 
with relatively little or even no acceleration of rate. Denervation of the 
chemoceptors before or after vagal block had no apparent effects on hyper- 
ecapnic hyperpnea, for example the hyperpnea seen in 6a of the intact 
animal was almost a perfect duplicate of the hyperpnea in 6C after denerva- 
tion of the carotid glands. Similarly the hyperpnea of 6B with the vagi 
blocked and carotid innervation intact was almost a perfect duplicate of 
the hyperpnea of 6D after double vagotomy and complete chemoceptor 
denervation. Vagotomy alone exerted definite effects noted primarily 
in the lower basal rate and the lack of acceleration during hypercapnic 
hyperpnea. ‘he absence of effects of denervation of chemoceptors before 
and after vagotomy is in accord with the findings of Owen and Gesell 
(1931), Schmidt (192), Selladurai and Wright (1932), Gemmell and Reeves 
(1933), Wright (1934), Wright (1936) indicating either a high or a defi- 
nitely higher sensitivity of the central respiratory mechanism to CQO, 
than of the peripheral chemoceptors. 

Uniformity of response, preponderance of increased amplitude, minor 
acceleration and powerful central stimulation of breathing thus demark 
the response of CO, from the response to anoxemia. Evidence indicates 
that the lack of gross acceleration during hypercapnia with the pulmonary 
proprioceptors intact and chemoceptors denervated, as compared with the 
acceleration of anoxemia under similar conditions, is related not only to 
the augmenting action of anoxemia on the vagal reflex but to the depressing 
effects of CO2 on the reflex as well (Gesell and Moyer, 1935). The central 
stimulating action of CO» which increases the intensity and duration of the 
discharge of the respiratory mechanism contributes further to the relative 
slowness of breathing. 

In formulating a tentative and incomplete scheme of breathing as related 
to our experiments we have assumed a peripheral chemical drive for 
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anoxemia and a combined peripheral and central chemical drive for hyper- 


capnia; a central augmenting action on the acceleratory reflexes (princi- 
pally vagal) by anoxemia and a depressing action by hypercapnia. The 
stronger the chemical drive the stronger and more prolonged will be the 
central discharge unless it is in some way interrupted. The main source of 
interruption seems to be the vagal proprioceptive signals which increase 
with increasing depth of breathing. Increasing chemical drive, therefore, 
sets two processes into operation: an increasing inspiratory discharge and 
an accompanying increasing inspiratory inhibiting action of the vagi. 
Where increased inspiratory discharge keeps the upper hand increased 
amplitude is assured. Increased velocity of both phases of breathing 
permits the acceleration. If the accelerating action of the vagi is impaired, 
depth of breathing may predominate and acceleration suffer. Theoreti- 
cally hypercapnia should produce such an effect through a process of 
chemical vagotomy (Gesell and Moyer, 1935). If the accelerating action 
of the vagi is markedly increased, through central action of lack of oxygen 
as it often seems to be, acceleration of breathing will predominate and 
amplitude will suffer (figs. 4C, 4D, 1C and 2C). 


SUMMARY AND CONCLUSIONS 


Oxygen scarcity in the inspired air usually increased both depth and 
rate of breathing. Sometimes the change in breathing was confined to 
increased depth and sometimes to increased rate. 

The factors controlling these differences in depth and rate of breathing 
were studied by noting the effects of several types of denervations involving 
the chemoceptors in the carotid and aortic regions and the proprioceptive 
endings in the lung during anoxemia and hypereapnia. 

Double vaga! block, which left only the chemoceptors of the carotid 
glands intact favored increased tidal air at the expense of acceleration 
during anoxic hyperpnea. Section of the pulmonary vagal fibers after 
denervation of the carotid glands, leaving only the aortic region active 
gave similar results. Such response is due to reflex augmentation of the 
discharge of the respiratory center in the absence of the inspiratory 
inhibiting action of the vagi. 

Denervation of the carotid gland regions which left the pulmonary 
proprioceptive and aortic body chemoceptive endings intact favored 
acceleration at the expense of decreased tidal air. 

Complete denervation of peripheral chemoceptors (carotid and aortic) 
which left the pulmonary branches intact favored acceleration as much or 
even more. Such hyperpnea is suggestive of a central action of oxygen- 
lack facilitating the acceleratory reflex of the vagal proprioceptive fibers. 

After complete denervation of chemoceptors plus vagal block anoxic 
hyperpnea was missing. Such failure of hyperpnea need not indicate 
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the absence of central effects of oxygen-lack. It can be theoretically 


attributed to the absence of the vagal proprioceptive drive and the suscepti- 
bility of its acceleratory action to modification through chemical changes 
occurring in the centers. 

Hypercapnia produced a more standard type of hyperpnea than anoxe 
mia. This held for all types of denervations. Preponderance of increased 
amplitude was characteristic. Denervation of the chemoceptors before 
or after vagal block produced no noticeable change in the hypercapnic 
hyperpnea which indicates that carbon dioxide exerts a stronger or more 
predominant stimulating action at the center than at the periphery 

It is tentatively proposed that rate and depth of breathing are impor- 
tantly determined by the balance of rate and depth promoting reflexes and 
by central chemical control. 

Vagal proprioceptive reflexes abbreviate the phases of the respiratory 
act and thus tend to assure a relatively rapid and shallow type of breathing 
as compared with that of vagotomy. 

Chemoceptive reflexes (anoxemia and hypercapnia) and central stimu- 
lation (hypercapnia) augment the central respiratory discharge and in the 
absence of vagal acceleratory effects tend to produce a deep and slow type 
of breathing. 

When both depth and rate promoting influences are strong a balances 
may be struck assuring a deep and rapid type of breathing for increased 
force of breathing automatically provides an increased stretching of the 
inspiratory inhibitory endings which prevents the slow apneustie type of 
breathing. Increased velocity of the two phases of breathing permit the 
acceleration. This type of breathing occurs in most animals during 
anoxemia and in some during hypercapnia. 

When chemoceptor stimulation is relatively weak and the central vagal 
acceleratory mechanism is relatively strong conditions are favorable for an 
early checking of inspiration and a rapid shallow type of breathing such 
as is seen in the accelerated group in anoxemia. 

When chemoceptor stimulation is relatively strong and the central vagal 
acceleratory mechanism is relatively weak conditions are favorable for a 
late checking of inspiration and a deep or slow type of breathing such as 
is seen in the retarded group in anoxemia. 

When chemoceptor and central stimulation are strong and the central 
vagal accelerating mechanism is impaired conditions are also favorable 
for a late checking of inspiration and a deep slow type of breathing com- 
monly seen in hypercapnia. 
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Kitel, Krebs and Loeser (1) showed that thyroid tissue slices undergo 
hyperplasia when incubated in serum for 24 hours in the presence of 
thyrotropic pituitary hormone. In similar experiments with the thyro- 
tropic hormone, Paal (2) observed a marked increase in the oxygen con- 
sumption of thyroid tissue. He rded no measurements before the 
end of the 24-hour incubation period. While attempting to repeat Paal’s 
work, we found that an increase in the oxygen consumption of thyroid 
tissue occurs almost immediately uy on the addition of thyrotropie hor- 
mone. 

The oxygen consumption determinations were performed in the Warburg 
apparatus (3) by the direct method, using oxygen in the gas space, 2 ce 
homologous serum in the conical vessel and 0.2 ce. 10 per cent KOH in the 
well.! The thyroid tissue was obtained from dogs anesthetized with 
pentobarbital while kidney and liver tissues used for controls were obtained 
from similarly prepared dogs or from rats killed by a blow on the neck 
Tissue slices varying from 15 to 50 mgm., fresh weight, were placed in each 
vessel. In each experiment, seven vessels with attached manometers were 
used, including one for a thermobarometer, three containing the tissue to 


be studied and three with the same tissue plus 0.2 ce. (10 guinea pig units) 


thyrotropic hormone.? (This relatively large amount of hormone was 


1 Although an increase in pH occurs in serum exposed to alkali, Gerard and 
McIntyre (4) have found that such a medium gives results similar to a control serum 
with added buffer or bicarbonate. We have observed a slightly higher oxygen con- 
sumption of rat liver tissue in non-buffered serum than in phosphate-Ringer 
solution. 

2 Dr. Paul Starr furnished the thyrotropic hormone, which was prepared for 
experimental purposes by Parke, Davis & Co., and is called antuitrin+T. It is 
said to be an aqueous solution of bovine anterior pituitary glands which contains 
the thyrotropic principle in purified form. It is substantially free from growth and 
gonadotropic hormones. It is non-irritating, is close to neutral in reaction, contains 
less than 1 por cent solids, and kas a potency of about 50 guinea pig units per cubic 
centimeter according to present methods of assay. 
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used in order to obtain maximum effects on the thyroid gland.) About 
20 to 30 minutes elapsed from the time the organs were removed until the 
tissue slices were shaking in the water bath at 37.5°C. After the system 
reached an equilibrium (approximately 20 minutes), manometric readings 
were made at 10 to 20 minute intervals. At the end of each experiment 


TABLE 1 
tropic hormone on the oxrygen consumption of dog th yroid tissue in 


homologous serum 


WITH THYRO- 
TROPIC HORMONE PER CENT 
INCREASE 


Average of 3 determinations 


99 


2 < 21 


3 3.4 5.0 17 


* Qo. = cubic millimeters of O, consumed per milligram of dried tissue per hour. 
+ Thyroid gland obtained from dog previously treated with adrenal cortical 


extract. 
t Thyroid gland about twice average size. 


the tissues were dried and weighed, and the oxygen consumption calcu- 
lated for several hourly periods. The figures listed in the table represent 
averages of three simultaneous determinations. 

In the control experiments, it was found that thyrotropic hormone had 
no effect on the oxygen consumption of liver and kidney tissues of dogs 


Effect of U 
OG TIME 
| 5.5 17 
65 
3 $3 6.4 19 
] 6.5 59 
3.0 2 10) 
3.0 i 8 37 
7 3.2 $4 38 
| 3.2 $9 
2 2.0 1.4 120 
3 2.0 105 
3.9 
1 3.0 3.5 17 
3t 2 2.9 3.4 17 
3 2.0 35 
l 3.0 308 27 
sy 2 2.4 3.4 $2 
3 24 2.9 38 
5.0 6.1 Ze 
5 
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and rats. When the thyrotropic hormone was added to dog thyroid 


tissue, a distinct increase in the oxygen consumption oecurred (see table 
The increase was apparent during the first hour (17 to 53 per cent) and 
became more marked during the second or third hour. The variations in 
the control Qoe of the glands from different dogs may be attributed to the 
fact that the animals were recently-procured mongrels of varying age, 
sex and breed. 

The mechanism of the increase in oxygen consumption of thyroid tissue 
in the presence of thyrotropic hormone is uncertain. Fitel and Loeser 
(5) stated that cellular changes in the thyroid glands of guinea pigs can | 
seen as early as two hours after the intraperitoneal injection of thyrotropi 
hormone. Thus, an early increase in oxygen consumption might be 
related to hyperplasia of the thyroid tissue. It is also possible that thyro- 
tropic hormone might alter the metabolism of thyroid cells independently 
of any histologic changes. 

These experiments support the belief that the thyrotropic pituitary 
hormone has a direct and specific effect on the cells of the thyroid gland 
A similar type of study might prove useful in the investigation of other 
hormones. 


CONCLUSION 


Thyrotropic pituitary hormone causes an early increase in the oxygen 
consumption of thyroid tissue in vitro. 


We wish to express our appreciation to Doctor Starr for his helpful 
suggestions during this work. 
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In the course of an investigation on the influence of diet upon the 
regeneration of serum protein (Melnick, Cowgill and Burack, 1936) it 
was found, as was reported by others (Holman, Mahoney and Whipple, 
1934; McNaught, Scott, Woods and Whipple, 1936), that with prolonged 
plasmapheresis the hematocrit values tend to fall to anemia levels unless 
red blood cells from donors are injected periodically. Although dogs are 
generally compatible with each other as regards blood transfusion and 
this is evidenced by successful initial injections of cells, subsequent 
transfusions may create a sensitization which renders the donors incom- 
patible thereafter (Melnick, Burack and Cowgill, 1936). The develop- 
ment of immune isoagglutinins and isohemolysins results in the produc- 
tion of an intense hemoglobinuria; the continuation of the cell infusions, 
spaced from 7 to 10 days apart, is followed by symptoms of profound 
shock. The present communication is a report of a study of hemolysis 
in vivo subsequent to plasmapheresis and presents data concerning the 
normal extent of hemolysis subsequent to a single plasmapheresis and 
that resulting after the second cell infusion into the same dog from the 
same donor. This great increase in red cell destruction is one of the 
first signs of a developing incompatibility. 

Preliminary plasmapheresis had indicated that normally the extent 
of hemolysis in vivo was small, in fact, hardly discernible by the naked 
eye. Therefore a method whereby small amounts of hemoglobin may 
be determined accurately had to be employed. In fact, many estima- 
tions had to be carried out using 1.0 ce. of the undiluted citrated plasma. 
Not all standard hemoglobin methods are sufficiently sensitive for this 
purpose. In the present study Wu’s (1922) ultra-micromethod for the 


1 These data form part of a dissertation presented by Daniel Melnick to the 
Graduate School, Yale University, for the degree of Doctor of Philosophy, June, 
1936. The expenses of this investigation were defrayed by a grant from the Research 
Fund, Yale University School of Medicine. 
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determination of hemoglobin was adapted as modified by Bing and Baker 
(1931) and MeFarlane and McKenzie Hamilton (1932). This method 
is dependent upon the pseudo-peroxidase activity of hemoglobin. 

Bing and Baker (1931) reported excellent agreement when the results 
obtained by the colorimetric technique were compared with the values 
calculated from oxygen capacity. In the present study the hemoglobin 
content of the standard solution was determined in triplicate by the 
Newcomer (1923) acid-hematin method. The dise factor? in the latter 
method had been carefully standardized by the Sendroy (1931) oxygen 
and the Van Slyke and Hiller (1928) carbon monoxide capacity methods, 
12 independent observations having been made. The average of 3 
determinations on an unknown blood sample by the benzidine colorimetric 
method was found to agree to within 0.3 per cent of that recorded in 
triplicate estimations employing the acid-hematin procedure. However, 
these determinations were conducted on normal dog’s blood diluted 
according to the requirements of the respective methods. Studies of 
the benzidine micro-colorimetric method with respect to reproducibility 
of results, recoveries of added hemoglobin and sensitivity to slight varia- 
tions in the hemoglobin concentration have indicated that this procedure, 
as adapted to the present study, is indeed very satisfactory for a study of 
hemolysis vivo. 

EXPERIMENTAL PART. Description of the method. Approximately 1.2 
ec. of blood is drawn by means of a 5 ce. syringe from the jugular vein; 
1.0 ce. is injected gently into a 3 ec. test tube (6 mm. diameter) accu- 
rately calibrated at the 1.0 and 2.0 ec. marks. The tube contains 1.0 ce. 
of 0.6 per cent sodium citrate in a 0.90 per cent sodium chloride solution. 
The anticoagulant and blood are mixed by inverting gently five times. 
The tube is then centrifuged at 2500 R.P.M. for 20 minutes and an aliquot 
of the supernatant fluid is used for analysis. One cubic centimeter of the 
hemoglobin solution is added to 2.0 ec. of a 2.0 per cent benzidine solution 
in 20 per cent acetic acid. The subsequent addition of 1.0 ec. of a 1.5 
per cent hydrogen peroxide solution results in the production of a blue color 
which after 45 to 60 minut®s is converted to a permanent red brown color 
of maximum depth. The reaction mixture is diluted to 25.0 ec. with 20 
per cent acetic acid-and compared with a standard prepared in similar 
fashion using 1.0 cc. of a blood sample containing 0.05 mgm. of hemoglo- 
bin per cubic centimeter. 

The benzidine was carefully purified according to the directions given 
by Bing (1932). The hydrogen peroxide solution was prepared by 
diluting a superoxol solution that had been standardized against potas- 
sium permanganate. 


? We are greatly indebted to Dr. James M. Orten for the use of this standardized 
disc. 
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The use of an 


equal volume of isotonic sodium oxalate solution, as the 


anticoagulant, proved to be unsatisfactory in that the oxalated plasma 


precipitated the 


benzidine from solution. The hematocrit (Van Allen, 


1925) was determined simultaneously with each sampling. 
In the adaptation of the benzidine micro-colorimetric method to a deter- 


mination of free 


hemoglobin in plasma, a formula was developed, the der- 


ivation of which Is given below. 


reading of the unknown, 
reading of the standard, 
ratio of standard to unknown 


milligram of hemoglobin per cubic centimeter of standard solu- 
tion, 


milligram of hemoglobin per cubic centimeter of unknown 


solution, 


= milligram of hemoglobin per cubie centimeter of unknown solu- 


tion when s = 10, 


milligrams per cent of hemoglobin in unknown solution 


= cubic centimeter of plasma in the 1 ec. blood sample (1 cell 


and 


then 
pa 


p+ 1 
p+ 1 
p-a 
Therefore, 
50(p 1)p 


and 


volume, as determined by the hematocrit) 


cubic centimeter of the citrated plasma employed for analysis, 


= cubic centimeter of plasma in the aliquot taken for analysis, 


milligrams per cent of hemoglobin in the plasma. 


50(p + 1) 


= milligrams per cent of laked hemoglobin in the blood. 


The formula actually employed is italicized. A typical example will 
illustrate the use and simplicity of the calculations. 


With the hematocrit found to be 45 per cent, and 0.2 cc. of citrated plasma used 


50 (1.55) 


in the analysis, z is found to be 10.1; then = 38.34 mgm. per cent of laked 


10.1 X 0.2 


hemoglobin in the blood. 


Let 
and 
then 
If 
then 
0.05 s 
or 
0.5 
and 
50 
r 
If 
—$_£_ _ 
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The time required for the determinations may be shortened and thx 
accuracy of the results increased by employing tubes, the upper portion 
of which measures 6 mm. x 60 mm., and the lower 60 mm. long with a 
smaller diameter such that it will hold 0.60 ec. With the tubes graduated 
for each 0.02 cc., the same blood sample and the same tube may be used 
for determining the hematocrit value as well as the concentration of laked 
hemoglobin. 

Reproducibility of results. One cubic centimeter samples of citrated 
plasma were employed in these analyses. A slight amount of laked 
hemoglobin had been added to the citrated plasma. The results of four 
analyses indicated that independent determinatons upon the same sam- 
ple of citrated plasma may be expected to agree to within +1.0 per cent 
of the average value. 

Recoveries of added hemoglobin. The method was also tested by recov- 
ery experiments. Two samples of blood were drawn from 2 dogs, added 
to 3 per cent sodium citrate so as to make the final concentration of the 
anticoagulant 0.3 per cent. The citrated blood was shaken to create some 
hemolysis and then centrifuged. The citrated plasmas were then diluted, 
one portion with saline (1:1) and the other to the same extent with 
the standard hemoglobin solution (0.05 mgm./cee.). One cubie centimeter 
samples of the diluted plasmas were subjected to analyses. The results 
of seven determinations indicated that percentage errors in recoveries 
of added hemoglobin may vary from —6.8 to +7.6. 

Se nsitivaty of the method. The benzidine colorimetric procedure tor the 
determination of hemoglobin is a micro one and was originally intended 
for the determination of hemoglobin in micro samples of blood diluted 
from 2800 to 4000 times. Thus, it was found that the mere drawing of 
blood and the separation of the plasma from the cells resulted in some 
hemolysis. The degree of hemolysis in the normal plasma was then 


subtracted from the values recorded at the time of blood sampling during 


the study of in vivo hemolysis. 

One cubie centimeter samples of blood, drawn from each of the jugular 
veins of four dogs, were added to the anticoagulant (citrate-saline) accord- 
ing to the procedure described above. One cubic centimeter aliquots of 
the citrated plasmas were used to determine the milligrams per cent 
of laked hemoglobin in the 1.0 ce. blood samples. The experimental 
findings are given in table 1. 

Although the method is an accurate one for the determinations of laked 
hemoglobin in the same plasma sample, the agreements obtained between 
two blood samples, drawn simultaneously from the normal animal, were 
only within 9.33 per cent of the average value. However, the absolute 
values are exceedingly small. 

The above experiment serves to emphasize the fact that the extreme 
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TABLE 1 
sensi fy the method 


d: The hemolytic effe cls of prepa ing normal blood for analysis 


(‘‘manipulati e”’ hemolysis) 


DOG NO (HB.)* SAMPLE HB.) AVERAGE DEVIATION FROM AVERAGE 

mgm. per cent mgm. per cent per cent 

1 3.60 3.80 5.28 
4.00 

2 3.23 3.38 4.44 
3.52 

3 3.21 2.87 11.85 
2.53 

4 5.00 4.32 15.75 
3.63 

Average deviation.... 9.33 


* The symbol, (Hb.), used in this table and in the subsequent table, represents 
the concentration of free hemoglobin liberated as a result of the laking of cells. 


TABLE 2 


Significance of ‘manipulative’? hemolysis 
- 


EXPERIMENT HOURS AFTER \ DEVIATION FROM 
DOG NO. PLASMAPHERESIS (HB.) SAMPLE (HB.) AVERAGE AVERAGE 
mgm. per cent mgm. per cent per cent 
3 9.9 10.3 3.9 
10.7 
1 12.8 13.3 3.8 
13.8 
3 19.8 19.55 1.3 
19.3 
IV 6 27.8 27.8 0.0 
2) 27.8 
13} 32.2 32.2 0.0 
32.2 
224 11.§ 12.15 2.9 
12.5 
98 4.6 5.1 9.8 
5.6 


— — 


HEMOLYSIS IN VIVO 
sensitivity of the method makes it impossible technically to obtain per- 
fect checks. Thus, in a study of in vivo hemolysis, that due to manipula- 
tive difficulties becomes significant only when the 7m vivo hemolysis is at 
a minimum. Consequently, in such conditions of minimal and negligible 
hemolysis the lack of agreement between duplicate determinations is at 
a maximum but is really insignificant because the absolute values are so 
small. However, when hemolysis 7n vivo is significant, the ‘‘manipula- 
tive’ hemolysis becomes proportionally reduced, and there is a closer 
agreement between duplicate determinations. This hypothesis was con- 
firmed experimentally; illustrative data are presented in table 2. 
Resutts. In order to evaluate the degree of in vivo hemolysis in terms 
of total milligrams of laked hemoglobin, the blood volumes of the experi- 
mental animals were first determined. The dye method of Hooper, Smith, 
Belt and Whipple (1920) was employed. 


Dog 1, a female wire-haired 


TABLE 3 


Preparation of cells for reinjection: Hemolytic effects 


BLOOD FROM DONOR HEMOGLOBIN FROM LAKED CELLS 


EXPERIMENT NO. 


Citrated blood 


Cell volume Citrated plasma | Saline washings | Locke's solutio 


Ce. | be. mgm. per cent mgm. per cent mam. per cent 


II 
IV 


S86 
220 
180 
165 


54 
36 


33.0 
16.7 


26.9 


24.0 


26.4 


66 20* 21.4 24.8 


* The greater amount of laked hemoglobin in the citrated plasma obtained in 
experiment IV was expected, because the stirring rod became loose and scraped the 


sides of the vessel during the collection of the blood. 


terrier, weighing 6.83 kilos had a blood volume of 606 cc. This value was 
the average of two determinations taken eight days apart (616 ec. and 595 
ec.). Dog 2, a female mongrel, weighing 7.86 kilos had a blood volume of 
575 ec. This value was the average of three determinations (567 cc., 
596 ec. and 563 ce.). In the present study it was assumed that the blood 
volume does not change appreciably subsequent to a single plasmapheresis, 
since the volume of the injected cell suspension was equal to the total 
amount of blood withdrawn. 

In each of the four experiments a common blood donor was employed, 
a large male collie. The blood collected from this animal was treated 
according to the standardized plasmapheresis technique described else- 
where (Melnick and Cowgill, 1936). Hemoglobin determinations were 
carried out on the plasma, saline washing and the Locke’s solution in order 
to determine the hemolytic effects of the preliminary manipulations. 
From the results given in table 3, it appears that a uniform procedure for 


I 34 2 
90 ‘ 
74 


TABLE 4 


He mol {SiS th subseque nt to plas map} eresis 


HEMOGLOBIN FROM LAKED CELLS 
TIME AFTER 


CELL EXCHANGE 
PLASMAPHERESIS 


Concentration 
Bled, 30 
(Il; Ist plasma- Injected, 20 
pheresis) 


l Bled, 65 
(Il; 2nd plasma- Injected, 88 
pheresis) 


Ww Ww bo 


2 Bled, 67 
(III; 1st plasma- Injected, 66 
pheresis) 


2 Bled, 44 
(IV; 2nd plasma- Injected, 60 
pheresis) 


103 
134 
223 
28) 
184 
98 6 
The figures for laked hemoglobin have been corrected by subtracting from the 
observed values that amount due to the hemolytic effects of taking and preparing 
the blood samples for analyses. ‘‘Manipulative’’ hemolysis was found to be 3.4 
mgm. per cent in experiment I; 3.8 mgm. per cent in experiment IT; and 3.6 mgm. 
per cent in experiments III and IV. 
In experiment II a hemoglobinuria was noted, beginning within 4} to 9} hours 
after plasmapheresis and continuing through the 48th hour. The amount of hemo- 
globin lost in the urine was not determined. 


76 


EXPER NO 
Potal 
1.3 
39.8 
5 5.6 34.0 
7 1.4 26.7 
10 3.4 6 
0.0 0.0 
0 6.0 36.4 
13 97.2 §88.0 
4} 187 1,134.0 
94 140 S500 
21 124 753 .0 
28 115 698 0 
48 116 705.0 
96 5 31.5 
120 0.9 5.5 
0 3.6 .7 
i 9.2 02.8 
34 15.2 
53 16.4 94.4 
73 11.1 63.8 
103 8.3 17.8 
133 3.3 19.0 
173 8.7 
213 6.3 
243 0.0 0.0 
0 3.0 .2 
] 9 6 55.1 
3 16.0 92.0 
6 24.2 139.2 
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yreparing the cells for reinjection was employed. The greatest deviations 
reparing tl lls f ject loyed. TI test t 


observed in the saline washings were doubtless to be expected because the 


cells were stored as a suspension in physiological saline until needed for 
injection two days later. Referring to the initial bleeding phase, one 
might conclude that the particular ‘ manipulative’? hemolysis associated 
with that procedure produces about 2.5 mgm. per cent hemoglobin (see 
column 4, table 3). 

Plasmapheresis was performed on dogs 1 and 2 using in all experiments 
the same technique (Melnick and Cowgill, 1936). Immediately after 
the cell infusions, and at stated time intervals thereafter, blood samples 
were withdrawn and subjected to analyses. The results are listed in 
table 4. 

Discussion. In all of the four experiments performed, the determina- 
tion of hemoglobin on the citrated plasma, saline washing and the modi- 
fied Locke’s solution, in which the red cells were suspended for reinjection, 
indicated a remarkable uniformity in the hemolytic effects of these 
preliminary manipulations. The ¢nztial infusions into the dogs of cells 
from the same donor produced a proportional but negligible hemolysis 
However, when cells from this donor were injected a second time approxi- 
mately 2 weeks later, a marked hemolysis in vivo was observed which 
failed to be related proportionally to the volume of cells injected. Thus, 
in the case of dog 1 the maximal hemolysis, over and above a hemo- 
globinuria, was more than 30 times that recorded after the first cell infu- 
sion, although the cell volume injected was only 43 times greater. In 
the case of dog 2, where similar cell volumes were injected, the extent 
of hemolysis was found to be more than 3 times greater subsequent to the 
second transfusion. Furthermore, after the second cell infusions the 
hemolysis was still manifest 48 to 96 hours later. 

The hypothesis has been advanced (Melnick, Burack and Cowgill, 
1936) that the development of blood incompatibilities in dogs results 
from a sensitization induced in the recipient by repeated injections of an 
antigen in the red blood cells of the donor. Using as indicators the 
sensitized dogs described in the previous communication, it was shown 
that approximately 50 per cent of the dogs tested at random are in the 
same hematological group as the incompatible donors. Dogs 1 and 2, 
used in the present experiments, are of the same group as the sensitized 
recipients referred to in the previous paper. Thus, this picture of in- 
creased hemolysis in vivo is to be expected only when the dog used as 
the donor is not of the same group as the recipient. At present we are 
studying whether dogs of the incompatible donor group can be sensitized 
by injecting washed red blood cells obtained from animals of the same 
group as our hitherto sensitized recipients. The possibility exists that 
no incompatibility may develop as a result of this procedure. 
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In our attempts to evaluate dietary factors with respect to their ability 
to promote the regeneration of serum protein (Melnick, Cowgill and 
Burack, 1936) we have been constantly aware of the fact that a fraction 
of the injected erythrocytes is broken down and that the liberated hemo- 
globin is completely metabolized. We have tried to evaluate this variable 
in terms of increased dietary protein consumption by use of the benzidine 
colorimetric procedure as a means for estimating the amount of free hemo- 
globin in the plasma. However, such a procedure is of only limited 
value since the liberated globin may by its amino acids supplement any 
deficiencies characteristic of the dietary protein, and thus exert a supple- 
mentary as well as an additive effect. 

It seems to us that the method, as outlined in the present paper, is 
admirably suited for the determinations of the renal threshold for hemo- 
globin excretion. Reports of values in terms of body weight have been 
frequently given (Manwell and Whipple, 1929; Lichty, Havill and Whip- 
ple, 1932). It is obvious that the expression of a renal threshold in units, 
such as milligrams per kilo of body weight, can only be semiquantitative 


because the blood volume and body weight do not necessarily parallel 


each other. By the benzidine micro-colorimetric method values may be 
reported, as in the case of other blood constituents, in terms of 100 ce. of 
blood or plasma. 

Recently Sunderman and Austin (1936), in their studies of the measure- 
ment of serum volume, had occasion to use the benzidine test in order 
to determine the critical concentration of hemoglobin that might be 
present and still have no influence upon the colorimetric readings. The 
method employed was to determine the dilution of the serum which 
would fail to give a positive benzidine reaction. Such a procedure was 
found to be satisfactory for their purpose. However, a more precise 
measurement of the concentration of free hemoglobin in the serum is 
possible by the use of the method as outlined in the present paper. 


SUMMARY 


1. The benzidine micro-colorimetrie method for the determination of 
hemoglobin has been adapted to a study of hemolysis in vivo. The 
validity of the procedure has been tested and found to be satisfactory. 

2. By determining the concentrations of free hemoglobin in plasma, it 
was shown that one of the first signs of blood incompatibilities developing 
between dogs is marked hemolysis in vivo. Although the initial infusion 
of red blood cells results in a negligible laking of the erythrocytes, a sub- 
sequent injection approximately two weeks later is characterized by a 
marked hemolysis in vivo which fails to be related proportionally to the 
amount of cells injected. 
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Studies of the chemical reactions of cephalin and ionized calcium as they 
relate to the coagulation of the blood have been recorded in a number of 
previous reports (1-5); in this one, attention is directed to the inhibitory 
action of anticoagulants in relation to the calcium and cephalin of the 
plasma. 

The oxalates, citrates, and fluorides depress the ionization of calcium. 
The action of the complex substances heparin and hirudine is not so clearly 
established. Jorpes (6), also Schmitz and Fischer (7) in their reports on 
heparin, and Bergstrom (8) as well as Chargaff, Bancroft and Stanley- 
Brown (9) in their studies of sulfonated carbohydrates, have attributed 
the inhibitory action to the acidie groups; Kiihnau and Morgenstern (10) 
and Sterner with Medes (11) suggest that the anticoagulative action of 


compounds like cysteine or glutathione is due to their sulfhydryl groups. 


Tricaleium phosphate and magnesium hydroxide, as previously reported 
(1, 5), act by virtue of their basie properties. 

The present investigation deals with the action of heparin. In addition, 
simple organie acids were included because the chemical groups under 
consideration dominated their chemical behavior. Urea, possessing two 
amino groups but neutral in reaction, two of the ureides with acidic proper- 
ties, and a comparatively strong organic base, diethylamine, were also 
studied. 

In testing these substances, molecular equivalents were dissolved in 
physiological-salt solution and the action of appropriate dilutions tested 
by the technic previously employed for determining the clotting activity 
of titrated amounts of calcium chloride and cephalin with oxalated plasma 
and also with dioxalated plasma after preliminary incubation with serum 
(5). Both of these methods are precise and the results obtained with them 


1 Presented at the meeting of the Eastern New York Branch of the Society of 
American Bacteriologists, Albany, October 30, 1936. 
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are readily confirmed. The anticoagulative action of these substances 
alone and in combination with varying dilutions of hydrochlorie acid and 
sodium hydroxide was then determined. 


Tecunic. Oxalated plasma was secured by bleeding rabbits witha paraffined glass 
cannula from the carotid into paraffined tubes containing sufficient 1.0 per cent 
sodium-oxalate solution to give a final concentration of 0.1 per cent; the cells were 
removed by centrifugalization as recorded in earlier papers. To0.1 ec. quantities of 
the cell-free oxalated plasma, 0.1 cc. of the different dilutions of anticoagulants was 
added, then 0.1 ec. of 0.01 per cent cephalin and sufficient physiological-salt solution 
to give a total volume of 0.6 cc. were added. One-tenth cubic centimeter of N/50 
calcium chloride was placed in each tube. The mixtures were incubated in the water 
bath at 37°C. and the clotting time was recorded. The anticoagulative unit was 
taken as the amount which inhibited clotting during twenty-four hours, whereas 
without anticoagulant clotting occurred in ten minutes or less. 

Serum for use in the experiments with dioxalated plasma was obtained by adding 4 
volumes of 0.035 per cent calcium chloride (made up in physiological-salt solution) 
to 1 volume of oxalated plasma and defibrinating the mixture with a glass rod at the 
inception of clotting. This serum was allowed to stand overnight in the cold room 
to allow it to reach equilibrium—indicated by its failure to clot dioxalated plasma 
alone 

Dioralated plasma was prepared by diluting 1 volume of oxalated plasma with 4 
volumes of 0.2 per cent sodium oxalate. In determining the anticoagulative action 
of the different substances tested, 0.1 ce. each of serum, of dilution of the anticoagu- 
lant, of cephalin, and of N/50 calcium chloride were mixed and the total volume made 
up to 0.6 ec. The mixture was incubated in the water bath at 37°C. for six minutes 
when 0.1 ec. of dioxalated plasma was added to each tube and the tests reincubated 
The controls, without plasma, clotted in one minute. The anticoagulative unit was 
taken as the amount of anticoagulant which inhibited the clotting during twenty-four 
hours. 

In determining the effect of sodium hydroxide and hydrochloric acid, 0.1 ce 
quantities of dilutions of sodium hydroxide and hydrochloric acid varying in concen- 
tration from N/10 to N/320 were pipetted into a series of tubes. The anticoagulative 
dose of the various tested substances and the other reagents were then added and the 
tests with oxalated plasma and with serum and dioxalated plasma carried out as 
described above. Controls, without acid or alkali and without anticoagulant, were 
included with each test. 


The results of the direct inhibition of the coagulation of oxalated plasma 
and of the coagulative action of serwn for dioxalated plasma differed only 
in that the latter required approximately half the amount of anticoagula- 
tive substance to inhibit clotting completely (24 hours) under the condi- 
tions of testing. The results of the experiments with oxalated plasma are 
summarized in table 1 which records the chemical character and anti- 


coagulative activity of a group of acidic substances comprising mono-, di-, 
and tricarboxy] aliphatic acids and of two aromatic monosulfonic acids, one 
containing in addition a carboxyl group. The anticoagulative action is 
directly proportional to the titratable acidity, irrespective of the chemical 
character of the groups involved or of the hydrogen-ion concentration. 
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In table 1 there are also given the results obtained with urea, diethyl- 
amine, and heparin, as well as those with mono- and dicarboxyl amino 
acids, with the hydrochloride of the sulfhydryl amino acid—cysteine—and 
with two heterocyclic derivatives of uric acid. The anticoagulative action 
of the latter group is directly proportional to the titratable acidity, irre- 
spective of the chemical character of the acidic groups. The amino acids 
containing single amino and carboxyl groups do not react as anticoagulants 
on account of the neutralization of one group by the other. The anti- 
coagulative properties of cysteine hydrochloride are due to hydrochloric 
acid liberated as the result of hydrolysis. Glycine, which has neither 


TABLE 1 
Chemical characteristics of organic acids, of urea, diethylamine, and heparin: their 
anticoagulative effect on equal volumes of oxalated plasma in the presence of limiting 
amounts of calcium chloride and cephalin 


DISSOCIATION CHEMICAL ANTICOAGULATIVE 


CONSTANTS TITER TITER 
Lactic acid 1.38 * 10-4) Monobasic | M/25 
Oxalic acid 3.8 10°?) Dibasic M/50 
Citric acid 8.2 X 10-*| Tribasic M/75 
Succinic acid 6.6 Dibasie M/50 
Pyruvie acid Monobasic M/25 
Galacturonic acid Monobasic M/25 
Sulfanilie acid 6.2 Monobasic M/25 
Sulfosalicylic acid X 107!) Dibasic M/50 
Glycine 18 xX 10° Neutral None 
Aspartic acid 1.5 X 10-4 Monobasic M/25 
Glutamie acid $1 X 10 Monobasic M/25 
Cysteine hydrochloride Monobasic M/25 
Parabanic acid... 7.5 107-7 Monobasie M/25 
Alloxan 2.3. X 107-7 | Monobasic M/25 
Urea 1.5 X 10-4) Neutral None 
Diethyvlamine 1.26 10°73) Monoacidie M/100 to M/50 
Heparin se Weak base 0.01 per cent 


solution 


sulfhydryl nor hydrochloride groups, has no anticoagulatve action until 
an equivalent amount of hydrochloric acid is added. 

When varying concentrations of hydrochloric acid and sodium hydroxide 
were added to these mixtures, it was found that with the exception of 
oxalic acid the anticoagulative properties of all of these substances, in- 
cluding eysteine hydrochloride, were completely lost when equivalent 
amounts of sodium hydroxide were used. The sodium salt of oxalie acid 
possessed the same anticoagulative action as the acid equivalent of oxalic 


or other organic acids. 


Urea is neutral and not anticoagulative. Diethylamine, on the other 
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hand, is twice as effective in inhibiting the coagulation of oxalated plasma 
by cephalin and ealecium chloride as the organie acids, on the basis of 
molecular concentration. The heparin? used was about seven times more 
active than diethylamine, on a percentage basis. 

Whereas the activity of the organic acids was neutralized by an equiva 
lent of sodium hydroxide, that of diethylamine was neutralized by the 
chemical equivalent of hydrochloric acid. Similarly, the anticoagulative 
action of heparin is also completely neutralized by hydro hlorie acid. In 
fact, quantities of either heparin or diethylamine which possess the same 
degree of anticoagulative action are rendered inactive by similar amounts 
of acid. Hence it appears that the active group responsible for the anti- 
coagulative action of heparin is basic rather than acidic in character. 

In the light of our knowledge of the interaction of calcium chloride, 
cephalin, and protein, further study was directed toward determining the 
effect of heparin on the reactions of cephalin with calcium chloride saad 
with protein. 


Tecunic. The technic ofthe first series of experiments in this group was the same 
as that used in determining the anticoagulative activity of the organic acids with the 
exception that the dose of anticoagulant was constant and the amounts of cephalin 
and calcium chloride were varied. 

In the second series of this group of experiments, the dose of calcium chloride used 
was maintained constant and was the amount determined to be maximum in the first 
series. The amounts of cephalin and of anticoagulant (heparin) were varied 

In the third series the amount of cephalin used was determined by preliminary 
titration. It was the amount of cephalin which in the presence of calcium chloride 
and an appropriate amount of rabbit serum previously inactivated at 56°C. for one- 
half hour caused complete precipitation of the cephalin and protein present. To 
this constant quantity of cephalin varying amounts of anticoagulant were added 
followed by constant amounts of inactivated serum and calcium chloride. The 
degree of precipitation was read after one hour. Oxalated plasma was then added. 
The mixtures were incubated at 37°C. and the clotting time recorded during twenty- 
four hours. 


In the first series of experiments a constant dose of heparin, sufficient to 
inhibit the clotting activity for twenty-four hours, was added to serum or 
oxalated plasma; varying amounts of cephalin and calcium chloride were 
then added and the clotting time of the oxalated plasma or of added 
dioxalated plasma recorded. Maximum neutralization was not inde- 
pendent of the calcium concentration but required a definite quantity of 
both calcium chloride and cephalin 

In the next series a constant dose of calcium chloride was used and the 
amounts of heparin and cephalin varied. An experiment with the use of 
serum and dioxalated plasma illustrating the results is shown in table 2. 


? The heparin used in this study was Lot no. 10-1 obtained from| the Connaught 
Laboratories of the University of Toronto. 
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TABLE 2 
veen cephalin and heparin as determined by the inhibiting 
these substances on the clotting activity of serum 


CLOTTING TIME OF 0.2 PER CENT HEPARIN DILUTED 
CEPHALIN 


0.3 PER CENT 
1.160 1.320 1.640 1: 1280 


Undiluted 24' 125™ 
53! 1S™ 
2 n 24™ 12= 
1: 


TABLE 3 
T he parallel inhibition of the precipitation of ce phalin protein and of the clolt nq of 


oxalated plasma, by heparin 


REAGENTS QUANTITIES 


Cephalin, 0.3 per cent 
Heparin, 0.5 per cent 
1:50))(1:100) 

{abbit serum heated at 

56°C. for 4 hr.; 1:100 
Physiological salt solu- 

tion. 
Calcium chloride, N/10 
Precipitation . 
Oxalated rabbit plasma 


Clotting time during 24 
hrs No clot) No clot) No clot) Shreds of 
fibrin 
overnight 


TABLE 4 


The parallel inhibition of the precipitation of cephalin protein and of the clotting of 


oxalated plasma, by diethylamine 


REAGENTS QUANTITIES 


Cephalin, 0.3 per cent 
Diethylamine 


Rabbit serum heated at 56°C 
for 4 hr.; 1:100 

Physiological-salt solution 

Calcium chloride, N/10 

Precipitation. .. 

Oxalated rabbit plasma 


Clotting time during 24 hrs No clot!) No clot! No elot) Clot over- 
night 


1.2500 
34™ 
: 12 
14! 
1:32 24 24 24 | Sis 28 10 
1:64 24 24 24! 24 | 86 13 
1:128 24 24 24! 24! 24 | 19: 
0.1 
0) 
0.4 
0.1 
4+ 
0.1] 
0.1 0.1 0.1 0.1 0.1 0.1 
0.1 0.1 0.1 0.1 0.1 0 . 
1:10) 1:50) 1:100) 1:200) 1:400) 
0.1 ] 0.1 0.1 0.1 0.1 
0.2 0.2 0.2 2 0.3 
0.1 0.1 0.1 0.1] 0.1 0.1 
t t r 2+ $+ 
0.1 0.1 0.1 0.1 0.1 0.1 
S4 
' 


ANTICOAGULATIVE ACTION OF ORGANIC ACIDS S85 


In the presence of a constant quantity of calcium chloride the amounts of 


heparin and cephalin with which the same degree of coagulative activity 


was observed were directly proportional to each other. 

In a third series of experiments varying quantities of heparin or of the 
base, diethylamine, were mixed with a constant dose of cephalin and an 
amount of inactivated serum added sufficient to precipitate completely 
with this dose of cephalin in the presence of an excess of caleium chloride 
The mixtures were allowed to stand until precipitation in the controls was 
complete. Oxalated plasma was then added to the mixtures and the 
clotting time recorded. 

The results recorded in table 3 demonstrate clearly that heparin prevents 
the precipitation of calcium-cephalin or cephalin-protein compounds and 
inhibits in similar degree the clotting of added oxalated plasma. Table 4 
shows that diethylamine acts in the same manner as heparin 


SUMMARY AND CONCLUSIONS 


Organic substances possessing acidic groups inhibit clotting to a degree 
determined by their titratable acidity. The hydrogen-ion concentration 
is of minor importance. The anticoagulative activity of the acidic sub- 
stances was quite stmilar in degree to that of sodium oxalate and, as with 
this salt, is in all probability due to the depression of the ealeium-ion con- 
centration. Cysteine is without anticoagulative action; cysteine hydro- 
chloride inhibits like other monobasic acids because of the acidie properties 
of the hydrochloride group it contains. 

Heparin and the organic base, diethylamine, possess similar anticoagu- 
lative properties. Cephalin neutralizes the anticoagulative action of 
heparin in directly proportional amounts. Heparin reacts with the acidic 
group of cephalin, thereby preventing not only the interaction of cephalin 
and calcium chloride but, consequently, the formation of cephalin-protein 
complexes and the clotting of blood or plama. The inhibitive reactions 
of heparin and of diethylamine with cephalin are strictly parallel. 


Since this paper was submitted for publication, the anticoagulative ac- 
tion of liquoid (polyanethosulfonic acid sodium) has been determined to 
be one-half that of the heparin used in these studies and its action simi- 
lar in every respect to that of heparin or of diethylamine 
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Diet has been demonstrated to exert a marked influence upon the 
activity of the kidney in excreting urea. In 1923 Addis and Drury (1) 
reported that the excretion of urea relative to blood urea was increased in 
the human subject three to five hours after the ingestion of a mixed meal, 
glutamic acid or milk. Cane sugar or alcohol had no apparent effect in 
accelerating the excretion of urea. Jolliffe and Smith (2) (3) found that in 
the case of dogs, either fasting or on a low protein diet, the urea clearance 
was reduced, whereas a meat diet greatly increased both creatinine and 
urea clearances. Dietary effects of the meat were present sixteen to 
eighteen hours after the last meal. This effect of protein in the diet was 
also found by Van Slyke and associates (4) both before and after the kid- 
neys were denervated by section of the nerves or novocainization of the 
renal pedicle. Pitts (5) found that meat, casein, glycine and alanine in- 
creased both xylose and urea clearances in dogs. Increasing endogenous 
protein metabolism with throxine or phlorizin had a similar effect. 

This study is concerned with the possible effect of other dietary factors 
upon urea clearance in dogs. Meat and casein which had been precipi- 
tated seven times with HCl, were almost equally effective in raising both 
post-prandial and post-absorptive urea clearance. Glycine, alanine, 
glutamic acid and glycine synthesized from mono-chlor-acetic acid in- 
creased the post-prandial urea clearance. Inasmuch as the residue from 
the deaminization of glycine by nitrous acid was equally effective in rais- 


ing urea clearance the study was extended to other carboxylic acids. 
E.XPERIMENTAL PROCEDURE. Seven healthy female dogs weighing be- 
ceween 13.5 and 24.0 kgm. were used for the clearance studies after they 
were thoroughly trained for lying quietly, catheterization and arterial 
puncture. The basal diet consisted of NaCl, one part of butter and four 


parts of starch. The amount was adjusted to furnish twice the calculated 
basal energy requirement. This diet is markedly deficient but since it 
was fed for no longer than five weeks at any one time it was considered 
satisfactory for these experiments. The essentials of Van Slyke’s tech- 
nique (6) were followed in determining the urea clearance. Three col- 
lections were made over three successive periods of about thirty minutes’ 
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duration. When the urine flow was less than 0.4 ec. per minute the sam- 
ple was discarded. The hypobromite method (7) of urea analysis was 
used except when the dogs were on the high protein diet. Under the 
latter condition the hypobromite method gave results for blood urea 100 
per cent or more above that of the urease method. Under the other con- 
ditions of our experiments the hypobromite and urease methods checked. 

After the dogs were on the basal diet for about ten days the experi- 
mental study began. The clearances were made about five hours after the 
last feeding. The test substance was added to the basal meal in amounts 
corresponding to 0.0032 mol per kilo of body weight. Increasing the 


TABLE 1 
Number of urea clearances and the range of the percentage of increase above the basal 
clearance 


RANGE OF 
PERCENTAGE 
INCREASE* 


NUMBER OF 
CLEARANCES 


Basal (starch and butter) 
Glycine > to 59 
d-l-alanine. . j to 57 
Glycollie acid to 45 
Lactie acid 20 to 45 
Pyruviec acid 13 to 60 
Acetic acid 23 to 74 
Propionie acid 38 to 75 
Gluconie acid : to 9 
Benzoie acid : to 71 
Basal (starch and Crisco) 
Butter (50 grams) ‘ to 81 
Criseo (50 grams) y to 14 
Non-saponifiable matter of butter.... y to 58 
Non-saponifiable matter of butter and 50 grams of 

Crisco ; 34 to 111 


* The percentage of increase in clearance produced by the test substance was 


calculated from the immediately preceding basal clearance. 


dosage resulted in higher clearances so that our results are by no means 
maximal. In most cases the basal clearance was ascertained on the 
same day as that with the test substance. Since the basal clearance 
remained fairly constant from day to day, it was not always determined 
just before the test substance was tried, but was ascertained every four or 
five days. Clearances are expressed in cubic centimeters of plasma 
freed of urea per minute per square meter of body surface. The surface 
area was calculated by the formula of Cowgill and Drabkin. 

For the sake of conciseness, the clearances obtained on all the dogs 
after ingestion of the various carboxylic acids are plotted in figure 1. The 
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basal clearances present a wide variation because some dogs consistently 
showed a higher basal clearance and also, the basal clearance generally 
fell over the two or three weeks that the test substances were studied 
This explains why the data of figure 1 do not seem, on casual inspection, 
to give the percentages of increase shown in table 1. The percentage of 


= 
S 


cc. PER MIN. PER MEGA. 


Bese! Glycine Alanine Glycolic Lactic Acetic 
Ver Der 


Fig. 1 


increase caused by the test substance was calculated from the preceding 
basal clearance and not from any average of basal clearances. 

Resvutts. The data as presented in table 1 and figure 1 show that all 
of the aliphatic acids except gluconic gave the same qualitative effect as 
did the amino acids, although glycine did seem to exert greater stimula- 
tion than glycollic acid. The effectiveness of ingested lactic acid sug- 
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gests an explanation as to why moderate exercise provokes a diuresis (8). 
Benzoie acid seemed to depress the clearance when the basal values were 
low but showed marked stimulation when given to dogs on a biscuit diet. 

After finding that fatty acids increased the urea clearance, we evaluated 
the effect of butter in the basal diet by its withdrawal, in one of the dogs, 
whereupon the basal clearance over a period of sixteen days decreased 
22 percent. With four parts of starch and one of Crisco as a basal diet, 
the relative effects of the ingestion of 50 grams of butter or Crisco were 


NSS. A. 


cc. of PLASMAS M1 
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Beso/ Butter Butter 
Lrtract Lxrtract 


Aver. 33 48 52 


“Dog wes on biscu/t diet 
Post - absorptive charances IE 3736. 


Fig. 2 


compared and the results are presented in table 1 and figure 2. The 
average post-prandial clearance with butter was 45 per cent higher than 
the average of the basals in figure 2 whereas with the additional Criseo 
there was no significant variation from the basal clearance. An ethereal 
extract of the non-saponifiable matter of butter was prepared. An aliquot 
portion of this extract, corresponding to 75 grams of butter, was added 
to the basal diet of 50 grams of Crisco and the ether removed by warm- 
ing on a water bath. This non-saponifiable matter with the basal diet 
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resulted in a 27 per cent increase in the average urea clearance and with 
50 grams of Crisco it resulted in a 57 per cent increase in the average 


clearance. A blank extract made up of the reagents used in preparing 


the non-saponifiable extract was entirely ineffective. 

Discussion. The brilliant contributions from the workers who have 
used the tissue-slice method to study metabolic problems afford a sug- 
gestive basis for a possible explanation of the effect of these various 
substances upon urea clearance. Krebs (9) found the kidney cortex to 
be the most actively deaminating tissue per unit of weight. The addi- 
tion of amino acids to kidney slices resulted in a large increase in am- 
monia production and an approximate doubling of oxygen consumption 
Elliott, Benoy and Baker (10) found with similar technique that lactate 
and pyruvate are removed partially by oxidation and partially by con- 
version to other acids. Jowett and Quastel (11) have reported that while 
kidney slices produce aceto-acetic in small quantities from added fatty 
acids such as butyrate, crotonate, hexanoate, etc., they also had the 
power to destroy aceto-acetic acid. In these experiments an R.Q. of 
less than unity even in the presence of glucose, suggested that the fatty 
acids were oxidized. Sodium benzoate was found by Jowett and Quastel 
(12) to inhibit aceto-acetic acid formation in rat liver but the inhibition 
decreased on ascending the fatty acid series. 

These results with the surviving tissue slices suggest that in the in- 
tact animal the kidney might metabolize not only amino acids and fatty 
acids but also the metabolic derivatives of these substances which are 
produced by the metabolism of other organs such as the liver and skeletal 
muscle. The fact that gluconie acid, which is known not to be metab- 
olized (13) within the body, failed to affect urea clearance, while the sub- 
stances such as amino acids and fatty acids increased the clearance, at 
least suggests that metabolic factors might have some causal relation to 
the process. 

The studies of other workers on the effect of diet upon urea clearance 
indicate that there is a corresponding increase in glomerular clearance. 
Jolliffe and Smith (2) and Shannon, Jolliffe and Smith (3) found that 
although increasing the daily protein intake from 9.6 grams to 180 grams 
increased glomerular and urea clearances more than 100 per cent, the 
urea clearance: glomerular clearance ratio remained rather constant 
Pitts (5) stated that in his experiments the increased renal function could 
be explained in large part by increased glomerular filtration. It is con- 
ceivable that the products of the suggested metabolic processes might 
influence urea clearance either by affecting glomerular filtration or a 
circulatory factor. 

That urea clearance might be increased by certain metabolic products 
is at least physiologically reasonable. It might serve as an adjustment 
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to the metabolism of the entire organism. It might make understandable 
the minor réle of the nervous system in regulating renal activity (4). 
Future experiments must ascertain the significance of the effect of the 


non-saponifiable matter of butter upon renal excretion. 


SUMMARY 
The finding of other workers that meat feeding markedly elevates 
urea clearance of dogs in the post-prandial and post-absorptive states 
above that for a low protein diet is confirmed. Casein, after repeated 
acid precipitation, is almost as effective per gram of protein as is meat. 
Glycine, synthesized glycine, d-l-alanine and glutamic acid are very 
effective in elevating post-prandial urea clearance. 

Lactic acid, pyruvie acid, glycolic acid and deaminated glycine are 
approximately as effective as the corresponding amino acids. Therefore, 
the effect of protein on urea excretion is not necessarily due to deaminiza- 
tion. Fatty acids such as acetic and propionic elevate urea clearance. 

Gluconie acid, which is not metabolized by animal tissues, did not ele- 
vate urea clearance. Benzoic acid seemed to depress the clearance when 
the basal values were low but markedly elevated it when the clearance 
was at an average level. 

Butter, when added to a meal of starch and Crisco, increased the aver- 
age urea clearance 45 per cent, but additional Crisco had little effect. 
The non-saponifiable matter of butter when fed with starch and Crisco 
increased the average urea clearance 27 per cent and when fed with 50 
grams of Crisco increased the average clearance 57 per cent. 

These observations suggest the possibility that renal metabolism may 
in some way be related to renal excretion. 
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The experiments here reported were undertaken to test further the 
general applicability of the empirical equations for the calculation of 
cardiac output from blood pressure and pulse wave velocity measure- 
ments (1935). Baths were employed, since in this way great variations 
in vaso-motor tone and pulse rate, as well as of body temperature, were 
attainable. To render the equations useful in clinical conditions, it is 
essential to show that they are valid in conditions where these functions 
are abnormal. 

Mertruops. Emphasis has been placed throughout on the comparison 
of estimates of the cardiac output obtained by calculation with those 
derived from the rate of acetylene absorption. As in previously reported 
experiments (1936) the two methods were used alternately. 

For the acetylene estimations of cardiac output oxygen consumption 
was measured by the Sanborn clinical apparatus. Where the changing 
condition of the subject created difficulties, the value used was obtained 
by interpolation from estimates before and after the acetylene procedure 
In the rebreathing procedure the reclining position of the subject coupled 
with the hampering of movements by the water made mixing in the lungs 
difficult, and in many cases, where the initial samples were taken rela- 
tively early, mixing was certainly incomplete, so that the estimates had 


to be discarded. Consequently, if samples were taken relatively early, 


the subject had to be propped up into a sitting posture, where thermal 
conditions were temporarily altered through evaporation. Most com- 
monly two samples were taken after some 13 and 19 seconds respectively 
with the subject so propped up; in a few experiments adequate mixing 
seemed to be attained with samples taken at 11 and 16 seconds. 
Estimation of cardiac output from the blood pressures followed the 
technic previously described; in the earlier experiments apex beat records 
were used to determine the start of ventricular ejection, in the later 
experiments sternal records (as described in 1936) were employed. It 
proved to be difficult to read diastolic pressure accurately in the hot 
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bath experiments. Under conditions of peripheral vasodilatation the 
diastolic criterion was much less clearly marked, particularly in young 
subjects. The development of a negative wave in the brachial pulse and 
the sharp upstroke of the oscillometrie pulsation were found at compres- 


TABLE 1 
Comparison of mean value s for cold baths, basal in air, baths at 35° and various 
stages of warm baths 


(Means of individual subject averages) 


Or PULSE WAVE 
cCON- AV Cl D/I VELOCITIES 
sump- | Diff. | (Acet. (Cale.) t 
TION 


CONDITION 


cc. per 
min, 


. Cold baths 213 57 4) 69 130: 
Bath 32.1 
Rectal 36.9° 


Basal in air (in other 59.2) 3.15): 65/9: 
experiments) 


Neutral baths 52.2) 2.28 6 2 . 2¢ 61.108; 
Bath 35.1 
Rectal 36.9° 


. Warm baths early 
Bath 37.9 


Rectal 37.6 


. Warm baths middle 
Bath 38.8 
Rectal 38.2 


. Warm baths late 25% 58.6] 2.73 |91.2) 3.18 59 864.156.096.719 
Bath 38.6 
Rectal 38.8° 


F represents pulse rate, S and D estimates of lateral systolic and diastolic pressure. 


C I indicates the cardiac output per square meter per minute (expressed as an index, 
though this is normally only used for basal states). Ris the calculated effective 
peripheral resistance, and pulse wave velocities 1 to 4 represent heart to subclavian, 
subclavian to femoral, subclavian to brachial, and femoral to dorsalis pedis velocities 
respectively. 


sions which differed from one another to an unusual extent. The latter, 
however, gave consistent values if the records were read with great care 
with the assistance of a cylindrical lens. 

The experiments were made on the same subjects that were used in 
experiments on meals (1936), and the subjects are therefore given the same 


2 : 4 
220) 18.7) 2.76 82.3) 2.69 |103) 63) 93'3.63)5.986.189.0 
246 | 53.5) 2.81 |91.8) 3.47 |108) 59 783.99'5.786.568.9 
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numbers. They were basal and were deprived of fluid; they were im- 
mersed in baths to their necks. The heating and regulating of the bath 
were arranged as described by Bazett and Burton (1936), except that the 
paraffin cover was omitted. 

At the beginning of every experiment the bath temperature was regu- 
lated at 35°; later it was either cooled or warmed The bath temperature 
was read from time to time, and the rectal temperature was recorded 
continuously by the use of a resistance thermometer (Leeds and North- 
rup type). 

EXPERIMENTAL DATA. Baths at 35°. Observations were made in 25 
experiments, and in all 4 subjects the conditions in baths at this tempera- 
ture were very similar to those of the basal state in air. This is demon- 
strated in the average values shown in table 1. In the baths the arterial- 
venous oxygen (A-\) differences and the blood pressures were somewhat 
lower, as was also the calculated value for the effective peripheral resist- 

TABLE 2 
Individual values in neutral baths and differences of these values from those of the same 


subjects basal in air 


PER PER PER PER 
F CENT CENT D CENT R | A-\V SENSATION 
CHANGE CHANGE CHANGE CHANGE 
4 $677.5 —3.4) 95.6 1.6'62.1; —0.3! 94 2.6) 53.0 1.2 |37.0% Cool 
8 49.0) —0.6104.0 2.2'62.9 2.4123 7.4) 51.0 11.8 36.70 Cool to 
neutral 


14 (63.3) +4.2) 95.2 3.6155 .5 9.8102, —10.8 52.4 19.9)* 37.04, Neutral 
10 (53.1) +8.1 102.5 8 51.1 12.6 36.92) Warm to 


neutral 
* The number of observations on this subject basal in air were few. 


ance (R). These changes are those to be expected in a slightly warmer 
environment. The peripheral pulse wave velocities were also slightly 
slower, and this may also have depended on the raising of the tempera- 
tures of the peripheral areas to a uniform surface temperature, which 
would occur in such baths. Though all the differences were slight, the 
changes in the average values are probably significant, since the degrees 
of change appeared to be correlated with the subject’s sensation of tem- 
perature (rather than with the difference in temperature between the 
rectum and the bath). The individual values are shown in tabie 2; 
the contrast in the effects of the baths in subjects 4 and 10 on pulse rate, 
blood pressures and A-V oxygen differences, and the intermediate position 
of the other subjects, is so consistent, that it must be significant. The 
baths appeared cool to subject 4, where the rectal-bath temperature 
difference was high, as well as to subject 8 where this difference was low. 
Subject 8 was the thinnest subject; this was probably a factor. 
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The mean discrepancy of the cardiac outputs in baths estimated from 
the blood pressures from those determined by acetylene was +14.7 per 
cent of the acetylene values. 

Cool baths. Six experiments were made on the 4 subjects. Baths 
were cooled suddenly to 32°, occasionally to 31°. Baths below 32° were 
apt to produce shivering; this interfered with the records and such tem- 
peratures were consequently avoided. The mean values obtained are 
given in table 1. The oxygen consumption was usually increased con- 
siderably during the initial sudden cooling; after this it returned towards 
a normal value and occasionally became completely normal or even sub- 
normal. The value in the table represents the average level during this 
later period. The cardiac output was usually reduced but was occa- 
sionally increased by both methods of estimation; the A-V difference was 
usually increased. The blood pressures and the value of R were always 
raised. The changes in pulse wave velocity were slight, though prob- 
ably significant; an increase in the rate in the peripheral vessels accom- 
panied cold, while the velocity from the heart to subclavian was reduced 
in spite of the rise in blood pressure. The pulse rate was slowed or 
showed no change; there was no significant change in the average values 
for stroke volumes. The following abbreviated protocols represent the 
data on which the mean values are based. 


Protocol 1. X/12/34. Subject 4. Weight 43.1 kilos with no measurable weight 
loss during the experiment; at 9:30 a.m. entered bath at 35.1°C. The experimental 
period was divided into 4 stages: (a) 10:18 a.m. to 10:30 a.m. with bath at initial 
temperature of 35.1°C., rectal temperature 37.15°C.; (b) 10:30 a.m. to 10:50 a.m. 
when bath temperature accidentally fell slowly to 34.5°, rectal to 37.05°; (c)10:50 
a.m. to 12:21 p.m. with bath at 35.1°, rectal temperature at 36.9°; and (d) 12:21 p.m. 
to 1:44 p.m., with the bath at 32°, the rectal temperature at first rising to 37.0° (by 
12:45 p.m.) and then dropping to 36.7° (by 1:44 p.m.). 


OXYGEN \ fon Cl PULSE WAVE VELOCITIES 
PERIOD | CONSUMP-| Jyigg CoH) F Cale 8 D R 
ON iff. 2 (Cale. 
TION . 1 2 3 4 
(a) 76 2.30 96 58 97 | 3.1) 7.0) 10.9) 7.6 
(b) 75 2.0 103 | 65 | 125 ” 
(c) 162 51.2 | 2.4 3.1; 6.9} 10.2) 7.5 
(d) 
12:23 284 
12:30 153 
12:37 180 
12:44 | 2.35 
12:48 187 
1-1:20 74 2.4 110 | 72 | 106 | 2.4) 7.4| 12.8) 8.2 
1:33 222 
* 


Pulse wave velocities assumed to be the same as in period (c). 

In this and following protocols the oxygen values represent consumption per 
minute estimated from a6 to 15 minute period. The various symbols used are the 
same as those of table 1. Values for blood pressure and pulse wave velocity represent 
the mean values of some 4 to 20 estimates. 
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The experiment demonstrates that a mere fall of bath temperature to 
34.5° (b) greatly increased the blood pressure, though the cardiac output 
was probably not increased and may have been decreased; the pulse rate 
was slightly affected. The later fall of temperature (d) increased the A-V 
difference; oxygen consumption was high during the initial cooling, re- 
turned to a normal level, rose again ultimately when the rectal tempera- 
ture had ceased to rise. 

An example may be given where the oxygen consumption was reduced 
in the cold bath. 


Protocol 2. IX/21/34. Subject8. Weight 56.0 kilos, with no measurable weight 
loss during the experiment; at 10:00 a.m. entered bath at 35.2°C. The experimental 
period was divided into 2 stages: (a) from 10:33 a.m. to 12:26 p.m. with bath at 


initial temperature of 35.2°C., rectal temperature at 36.55°C.; and (b) from 12:26 


p.m. to 1:32 p.m. bath temperature at 31.9°, rectal temperature at first risingt 
36.61° (by 12.28) but after 12:50 p.m. falling to 36.28° by the end of the period 


A- ( 
PERIOD CONSUMP I D 


rION 
(a) 214 2.3 52 2 106 66 130 


(b) 
Initial 
cooling 
12:43 
12:48 
12:56-1:29 


1:13 207 


The two examples quoted demonstrate that conditions are not stable 
for oxygen consumption, nor probably for cardiac output, during such a 
period of cooling. In other experiments the oxygen consumption some- 
times showed much greater increases, in one case amounting to 45 per cent. 

The mean discrepancy between the cardiac output calculated from that 
estimated by acetylene was +11.3 per cent of the acetylene value. 

Warm baths. There were 18 experiments on the 4 subjects. The 
maximal increase in rectal temperature was 2.9°, the maximal level 39.8°, 
the minimal 1.3° and 38.65°. The rates of change varied between 0.6° 
and 3.6° per hour. The highest bath temperature was 39.5°. The weight 
loss varied between 1.3 and 5.2 per cent of the body weight; losses of 
the lower order occurred in the female subjects 4 and 14 and of the higher 
in the male subjects 8 and 10. 

The bath temperature was sometimes allowed to rise gradually but 
more commonly was initially raised rapidly and was then kept constant 
In both cases it was ultimately, with very few exceptions, regulated at a 
somewhat lower level, such as would maintain a constant rectal tempera- 
ture (see fig. 4). In some experiments the two modes of heating were 


SE WAVE VI ITIES 

l 4 
3.0 | 6.4) 6.1)10.2 

214 

ISS 

66.8 1.76 

1 2.05 126 79 144 2.95; 6.2) 5.5) 9.2 
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combined. Except in a few cases, where the rate of rise was fast enough 
to induce hyperpnea, the early symptoms were mild and were only 
slightly exaggerated by the more rapid changes in temperature. In the 
later stages the subjects suffered from restlessness, prostration, and air 
hunger. After the bath subjects 4 and 10 recovered rapidly, except for 
prolonged thirst in the more dehydrated subject 10; subject 8 had in addi- 
tion to the thirst a hoarse voice which lasted till the next day; subject 
14 showed weakness and a tendency to faint after leaving the bath. 
The average effects are shown in table 1. Some abbreviated protocols 
are also submitted to illustrate the types of reaction. These are chosen 
from experiments in which the rates of rise of bath and rectal temperature 
were slow, since these experiments were relatively uniform as far as the 
temperature changes were concerned, yet the type of response differed. 


Protocol 3. VII/15/35. Subject 4. Weight 45.2 kilos with loss of 0.6 kilo (1.3 
per cent); at 9:45 a.m. entered bath at 35.1°C. The experimental period was divided 
into 4 stages: (a) 10:10 to 11:30 a.m. with bath at its initial temperature and rectal 
37.1°; (b) 11:30 a.m. to 1:00 p.m. with bath temperature rising gradually to 37.75°, 
and with the subject’s rectal temperature rising at 0.68° per hour and exceeding that 
of the bath; (c) 1:00 to 1:47 with the bath temperature rising to 38.5°, with the rectal 
rising at 0.78° per hour to 38.35° and always below that of the bath; (d) 1:47 to 2:10 
with bath temperature rising to 38.8° and the rectal to 38.65° at a rate 0.84° per hour. 


OXYGEN Vv Cc I Cc I PULSE WAVE VELOCITIES 
PERIOD | CONSUMP- Diff F Cale D 
TION iff. 2 2) \ aic.) 

1 2 3 4 
(a) 139 42.0 2.45 75 97 | 69 110 | 3.0 | 4.6/1 5.5 | 8.3 
(b) 175 $5.5 2.85 SO 90 61 96 | 3.5 | 4.1 5.21 9.5 
(c) 194 | 50.7 2.85 | 104 9 | 64 90 | 4.3 | 5.1 | 6.1 | 8.6 
(d) | 106 | 95 | 62) 96| 5.3] 5.1 15.7) 8.0 


The stroke volumes were in period (a) 43 ce., in (b) 45 ec., in (c) 36 ec. (mean 
estimates) and in (d) 32 cc. (calculated estimate). 


Protocol 4. , XIT/7/34. Subject 8. Weight 55.0 kilos with loss of 1.7 kilo (3.1 per 
cent); at 9:58 a.m. entered bath at 35.2°. The experimental period was divided into 
3 stages; (a) 10:37 to 12:19 p.m. with bath at the initial temperature and rectal 
temperature 36.95°; (b) 12:19 to 2:03 p.m. bath temperature rising gradually to 
38.85, and the subject’s rectal temperature rising at 1.05° per hour to 38.45°; (c) 
2:03 to 2:47 p.m. with bath dropped to 38.3° and then maintained steady, and rectal 
temperature rising at first and then remaining steady at 38.65°. 


| OXYGEN , | PULSE WAVE VELOCITIES 
TION il. (Calc, 1 3 4 
(a) | 192 45.8 2.50 | 48 | 1.95 | 95 | 58 | 119 | 2.8 | 5.7 | 7.2 {10.0 
(b) | 226 | 53.0 2.60 | 82 | 2.75 | 111/61] 95 | 4.0) 5.8| 7.5/8.3 
(c) | 253 | 66.6 2.30 | 95 | 2.10 | 129 | 77 | 140 | 4.4 | 5.5 | 7.7 |13.0 


period was 102; the cardiac output was reduced by both methods of estimation; the 
stroke volume was lowered from 71.5 cc. (mean estimate) in period (a) to 38.5 ce. in 
period (c). 


During period (c) the pulse rate was progressively rising and at the end of the 
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Protocol 5. VII/2/35. Subject 8 Weight 56.7 kilos with loss of 1.8 kilo (3.2 per 


cent); at 9:30 a.m. entered bath at 35.2°C. The experimental period was divided 
into 4 stages: (a) 10:12 to 11:58 a.m. with the bath at its initial temperature and 
rectal 36.7°; (b) 11:58 a.m. to 1:22 p.m. with the bath temperature rising gradually to 
38.2° and with the subject’s rectal rising at 1.35° per hour to 37.7°; (c) 1 


- to 2:06 


p.m. with bath temperature rising very slowly to 38.6° and the rectal rising at 1.35 
per hour to 38.6; (d) with the bath temperature droppe d to and maintained at 38.5 


and rectal rising at 0.48° per hour to 38.9 


OXYGEN ‘ PULSE WAVE EI ITIES 
A-\ Cl Cl 
PERIOD | CONSUMP- F D R 

TION Diff. CeHe Cale 
(a) 204 58.0 2.05 18 2.20 | 104 | G2 i 113 | 3.3 | 4.7 | 5.8 | 8:6 
(b) 228 61.5 2.20 68 4.15 | 115 | 56 6413.7 | 5.4) 7.1 | 8.5 
(c) — 82 5.05 | 125 | 60 55 13.616.2!8.0/9.1 
3 


(d) 276 65.1 2.55 82 4.75 | 127 | & 61 | 3.9 | 6.7 


The stroke volume in period (a) was 75.5 ec. (mean estimate); in period 
(d) it was by acetylene 52.0 and by calculation 95.5 cc. 

These examples show good agreement between the two methods of 
estimation of cardiac output in protocols 3 and 4, marked disagreement in 
protocol 5. Such marked disagreements were not dependent on chance 
experimental error, for they were never observed in subjects 4 and 10, 
though obtained consistently in subjects 8 and 14 in experiments made 
during the summer months. During the winter these discrepancies 
disappeared, but reappeared the following summer. They were not seen 
except when the calculated cardiac indices exceeded 3.4 nor marked unless 
they exceeded 4 liters. In determining the mean discrepancies between 
the two estimates the data obtained during the summer months are ex- 
cluded except for data obtained very early during heating, and the dis- 
crepancy is then +12.9 per cent of the acetylene value (13 comparisons 
In the summer experiments on subjects 8 and 14 the mean discrepancy 
was 52.1 per cent in 10 comparisons, with the calculated values always the 
greater; such experiments account for the discrepancies seen in the last 
two conditions of table 1. In summer experiments on subjects 4 and 10 
on the other hand the mean discrepancy was only +10.4 per cent, though 
it is significant that in 6 of the 7 comparisons the calculated values were 
the higher. 

The individual comparisons of the two estimates are shown graphically 
in figure 1. While there is considerable scatter, no consistent discrepan- 
cies are disclosed except in the summer data with warmth (indicated by 
triangles); these are detectable in both pairs of subjects, though barely 
so in subjects 4 and 10. 

The absence of consistent discrepancies in the earlier stages of heating, 
whether in summer or winter, is indicated by the composite data of figure 
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2, which were obtained by averaging the means of the values for indi- 
vidual subjects. This graph also illustrates the physiological changes 
observed, and the mean time intervals of their occurrence. Such mean 
values, however, mask some of the physiological changes, since summer 
and winter values differed in several respects. Consequently some of 
the data are regrouped into summer and winter means in table 3, and 


4.6 


Fig. 1. Calculated cardiac outputs per square meter per minute as ordinates 
plotted against acetylene estimates as abscissae. Values obtained in cold baths are 
indicated by‘crosses, in neutral baths by closed circles, in warm baths in winter 
experiments and very early observations in similar experiments in the summer by 
open circles. Late observations in warm baths in the summer are indicated for sub- 
jects 4 and 10 by closed, for subjects 8 and 14 by open triangles. The lines drawn 
represent the theoretical correspondence and the limits within which the data should 
fall if the error of each estimate did not exceed +0.2 liter per sq. m. per minute; 
70 per cent fall within these limits if the summer data on subjects 8 and 14 are ex- 
cluded. 


sich differences, as are considered significant, are indicated in the table 
in italics. The final periods of heating differ in the winter from those 
in the summer by showing a higher A-V difference, a greater reduction 
in stroke volume by both methods of estimation, a greater increase in 
pulse rate, a smaller increase in pulse pressure, and a rise instead of a 
fall in diastolic pressure. All these changes are such as might accom- 
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pany commencing circulatory failure as the result of dehydration, yet 
in the winter experiments the temperature changes were slightly less, and 
the weight losses also lower. 

Though there was agreement between the two methods in these differ- 
ences, the magnitude of the effect was estimated quite differently. Acety- 
lene indicated a reduction of stroke volume on warming both in the 
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Fig. 2. Froma central zero representing neutral baths at 35° the data obtained, in 
cold baths to the left and in warm baths to the right, are plotted in relation to time i 


minutes as abscissae. The values are all composite mean values. Similar 


means 
for the subjects basal in air are indicated on the extreme left. For symbols see 
table 1. 


summer and winter except for two experiments in the summer where a 
temporary increase appeared to be present; one of these two experiments 
is quoted in protocol 3. On the other hand the stroke volumes calculated 
from blood pressures usually appeared to be increased slightly in the 
period of rising temperature during the summer, and to be reduced later 
on the average only to normal values, while in the winter the stroke 
volumes were definitely subnormal in both stages. To account for such 
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discrepancies one of the methods must show a systematic error in the 
summer experiments; the probable real changes in cardiac output conse- 
quently will be discussed later in relation to the validity of the twomethods. 
The oxygen consumption increased as the body temperature rose, and 
upproximate calculation of the value of the temperature coefficient Qo 
was possible, since the changes were considerable. Comparison has been 
made with the data obtained in baths at 35°, since those obtained at 
lower temperatures were complicated by a variable metabolic. response 
to cold (see Burton and Bazett, 1936), while the thermal gradients with 
TABLE 3 
Comparison of summer and winter mean values 
Summer experiments (duration 138 minutes); winter experiments 
(duration 126 minutes) 


SUMMER WINTER 
Final Final 
Bath at period Bath at period 
35° rectal 35° rectal 
em per- 38,86° tem per- 38.72° 
ature ature 
Oxygen usage per square meter 120.5 | 149.5 | 154.5 | 119.0 | 140.5 | 153.0 
A-V difference (ce. per liter) 54.2; 50.0 61.5 | 53.6} 53.8 66.3 
Stroke volume (Acet.) (ce. per sq. 
meter) 37.6 32.6 31.8 42.0 32.4 26.9 
Stroke volume (Cale.) (ec. per sq. 
meter) 37.6 41.7 37.0 36.5 29.2 26.3 
Pulse rate 61.0 89.0 91.5 59.8 90.6 96.2 
Systolic pressure (5S) 100.9 | 108.9 | 110.6 | 95.7 | 107.9 | 110.6 
Diastolic pressure. 61.7 | 47.4 561 29.4 62.0 66.2 
Pulse pressure (lateral) : 39.2 61.4 54.6 36.3 45.6 44.4 


In this table all the data are grouped into two periods, one of rising temperature, 
and the other, when the rectal temperature was nearly constant and the subject was 
dehydrated, in the ultimate stage of the experiment. 


the subjects in air were less uniform. Values so calculated for Qio 
vary so much that the rectal temperature must provide a very inade- 
quate indication of the changes in mean body temperature, but more 
consistent and more probable values are obtained if comparisons are made 
on the basis of average body temperature as estimated from surface and 
rectal temperatures according to the formula developed by Burton 
(Burton and Bazett, 1936). If the average data of periods 3 and 6 
of table 1 are compared, the values calculated for Qio are 3.95 on a rectal 
temperature and 2.95 on an average temperature basis. In these periods 
the subject was approximately in a steady state; if periods 4 and 5 are 
considered, where this was not the case, Qo values of 5.6 and 6.9 are ob- 


tained on a rectal, of 2.3 and 3.2 on an average temperature basis. Even 
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the individual data agree with a value for Qi of about 2.9, when hy- 
perpneic reactions did not complicate the issue. The complete data on 
subject 8, in whom such reactions were. minimal, are shown in figure 3; 
they fall close to a curve for a Qo of 2.9, if calculations are made on 
an average temperature basis, though on rectal temperatures values fall- 
ing between 2.1 and 10.3 with a mean of 5.0 may be calculated. In other 
subjects, with more irregular oxygen consumption accompanying hy- 
perpnea, occasional individual Qi) values may exceed 6.5 even on an 
average temperature basis, while calculated from rectal temperatures 
they may exceed 69.0. During the hyperpneic response to rapidly 
rising temperatures there appears to be some factor which increases oxy- 
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Fig. 3. Oxygen consumptions in cubic centimeter per minute are plotted as 
ordinates against estimated average body temperatures as abscissae. The points 
represent all the data in both cold and warm baths for subject 8. The line represents 
the theoretical values on an average subject if Qio = 2.¢, and its dotted prolongation 
the probable divergence from this line in an average subject in response to sensations 
of cold. The extreme values for Qio for the individual estimates for subject 8 were 
1.8 and 4.5 with an average of 2.88. 


gen consumption (Bazett, 1927), and which gives values which are not 
readily explicable on a Qo basis as the result of errors in estimating aver- 
age body temperature. 

The changes in arterial-venous orygen differences are indicated in tables | 
and 3 and in figure 2. <A reauction in the A-V difference was commonly 
seen especially in the early stages of the summer experiments. On the 
other hand there were undoubtedly very high A-\V differences present 
in the terminal stages of winter experiments (reaching in one case on sub- 
ject 10 to 82.5, a value established by the use of multiple samples). In 
the middle stages of an experiment when the A-V differences were low 
(or occasionally high as in protocol 5) the values, whether low or high, 
are of doubtful accuracy. This will be discussed later. 
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The blood pressure changes are indicated in tables 1 and 3 and in figure 
2. As with A-V differences the changes in diastolic pressure differed in 
the summer and winter. In both seasons there was a tendency to an 
initial fall in diastolic pressure, but this was often reversed in the later 
stages, particularly in the winter experiments (table 3 and protocol 4). 
Systolic pressures might change in either direction but more commonly 
rose, especially in the later stages (table 3 but contrast protocol 3). Pulse 
pressures were increased by warmth, even when, as in winter experiments, 
there could be little doubt that the stroke volume had been decreased; 
the increase in pulse pressure was, however, not so great in the winter 
experiments where the decrease in stroke volume was marked. The 
increase in pulse pressure accompanying a decrease in stroke volume 
appeared to be correlated with a decrease in the distensibility of the large 
vessels, as was indicated by an increase in the pulse wave velocity in these 


vessels (fig. 2). This increase in pulse wave velocity was particularly 


marked in the winter experiments (compare protocols 4 and 5), and could 
not be correlated with changes in blood pressure level for it might occur 
with either a fall or rise in blood pressure (protocols 3 and 4). 

The pulse rate was raised in warm baths. The changes on warming, 
like those on cooling, preceded changes in rectal temperature and cannot 
be explained as entirely due to changes in the teniperature of the heart, 
though such changes may be an important factor in the later stages. But 
the increase in pulse rate on warming did not depend solely on surface 
temperature, as may be seen in figure 4, which shows the relation of 
pulse rate changes in two experiments to both bath and rectal tempera- 
tures. Even in the later stages it did not depend solely on rectal tempera- 
ture, for the pulse rate was faster during heating than at the final higher 
plateau of rectal temperature (table 1 and fig. 4). In the final stages of 
an experiment with the onset of symptoms of marked dehydration the 
pulse rate was accelerated (fig. 4 and protocol 4). 

Discussion. The validity of the cardiac output estimates. The data 
presented indicate that the circulatory changes induced by hot baths are 
not identical in the summer and winter months, though the differences 
are least marked in estimates of cardiac output by acetylene. Even by 
this method, however, higher cardiac outputs are indicated in the summer 
experiments, for cardiac indices of 2.7 or more were obtained in 13 out 
of 17 summer estimates, while indices of 2.7 were only exceeded on 4 
occasions on exposure to heat in the winter. Since the possibility of 
error from recirculation in the acetylene method is admittedly a function 
of the circulation time and therefore of cardiac output, it is justifiable to 
exclude first from consideration the data obtained in the summer, when 
the cardiac outputs were high. If these be excluded, good agreement is 
seen between the two methods of estimation, as is indicated by figures 1 
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and 2, but there is a considerable scatter of the data and chance errors 
appear to be considerable. This is not surprising since the two estimates 
could not be made simultaneously and the subject was never in a steady 
state, while the chance error of either method may readily amount to 
+10 per cent. Even in the preliminary baths at 35° the subject had to 
be propped up and exposed to new temperature conditions during the 
acetylene procedure. The discrepancies may well depend partly on 
physiological variables, and the absence of any systematic error may be 
accepted. 

The validity of the acetylene estimates for varying cardiac outputs 
when the period of sampling extended to 19 seconds has been put to the 
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Fig. 4. The pulse rate changes in two summer experiments are plotted in relation 
to bath and rectal temperatures. Abscissae indicate the time in minutes from the 
commencement of warming. The solid lines represent an experiment on subject 4, 
the dotted lines one on subject 14. Bath temperatures are indicated by thelower 
curves with closed and open circles, rectal temperatures by crosses. The cardiac 
indices of subject 4 are indicated above and of subject 14 below; underlined values 
were obtained by acetylene, the others by calculation. 


test by the use of multiple samples, as suggested by Grollman. Some of 
these data have been already presented (Scott et al., 1935), and indicate 
that no serious error is introduced within 24 seconds when the cardiac 
index is 2.2 or less, but that the critical time lies between 19 and 24 sec- 
onds with indices slightly exceeding 2.5. In the data there reported for 
indices below 2.2 the mean values were respectively 1.96 and 1.88 for 
sampling durations of 19 and 24 seconds, for indices above 2.5 they were 
2.65 and 2.24. A duration of 19 seconds appears to be within the critical 
period for indices below 2.8, for in recent winter experiments samples 
have been taken after 11 and 16 seconds and compared with others ob- 
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tained after 14 and 19 seconds of rebreathing. Four such comparisons 
have been made; the two pairs of samples have been obtained within 
15 minutes and the sequence of the tests varied. The mean indices 
obtained were for the shorter intervals 2.79, for the longer 2.76 and the 
values calculated from the blood pressures were 2.74. For still higher 
outputs such times must be too long, and if a high output is associated 
with a considerable cutaneous circulation and low A-V differences the 
error introduced by recirculation must make the A-V differences approach 
the normal, so that there may be no indication that a gross error is pres- 
ent. This has been the case in the longer time intervals, where errors 
have been evident, both in our data (Scott et al., 1935) and in those of 
Gladstone (1936). The latter worker finds evidence of appreciable errors 
even within 12.5 seconds in the high cardiac outputs of hyperthyroidism. 
The evidence of Christensen et al. (1933) that high outputs following 
exercise may apparently be correctly estimated by acetylene is not valid 
in this connection; after exercise oxygen consumption is high, and de- 


creased acetylene absorption may be balanced by decreased oxygen 


intake as oxygen tension falls; analyses of alveolar air are not given, so 
that this balancing of errors cannot be excluded. In the high outputs of 
pyrexia, with a fast skin circulation, such balancing is less likely to occur. 

The levels of the A-V differences and cardiac outputs in the earlier stages 
of heating, particularly in the summer, are therefore open to question. If 
the outputs were as high in the summer as those indicated by calculation 
(attaining an absolute value of about 8 liters per minute in protocol 5) 
the acetylene procedure used cannot be considered reliable, and gross over- 
estimates of the A-V differences and under-estimates of the cardiac out- 
put may have been made. In favor of such an hypothesis is the fact that 
the lowest A-V differences and highest cardiac outputs were observed in 
the few summer experiments in which the sampling periods were kept 
within 16 seconds. The differences in the blood pressure and pulse rate 
pictures also throw doubt on the apparent constancy of the stroke volume 
in the period of rising temperature that is indicated by acetylene in the 
comparison of summer and winter experiments (table 3). The high out- 
puts with an actual increase in stroke volume indicated in the earlier 
periods of heating by calculation from the blood pressures are therefore 
considered tentatively the more probable. 

The changes observed in the winter are more certain; here not only are 
the results of the two methods in agreement, but also the acetylene values 
may be confirmed by triple sampling. In the summer such triple sampling 
is more apt to indicate the uncertainty of the values obtained than to es- 
tablish their accuracy. The difference presumably depends on a real 
low cardiac output in the winter, one well within the range of the acety- 
lene method. The high A-V differences of protocol 4 (c) were so estab- 
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lished and are included in the report (Scott et al.) under the heading of subject 
3—pyrexia. Similarly the high A-V differences of 82.5 to which reference 
has already been made was reported under the heading of subject 4 
pyrexia; it was obtained in the terminal stages of an experiment accom- 
panied by great restlessness and prostration. Even in subjects 4 and 14, 
in whom there was little dehydration, higher A-V differences were ob- 
served in the winter, though a value of 60 cc. per liter was only once 
exceeded; in contrast in the summer months the values in these subjects 
often remained below the initial level. There can be no doubt that in 
the final periods a fall in cardiae output and rise in the A-V difference 
develops; this is probably dependent on dehydration which is less readily 
endured in the winter than in the summer. 

The circulatory changes produced by the baths, as estimated on the above 
assumptions of validity, may be briefly discussed. On immersion in 
water at a neutral temperature no change in cardiac output is produced 
through any hydrostatic effect altering venous return, as was suggested 
by Tigerstedt (1917). Exposure to cold causes peripheral arteriolar 
constriction, increases the effective resistance, and raises blood pressure. 
A metabolic reaction follows if the stimulus is adequate, and, where the 


metabolism is increased, blood flow tends also to rise, though oxygen 


utilisation is increased. The pulse is slowed reflexly, either directly from 
sensations of temperature or secondarily as the result of the blood pressure 
changes; later changes in blood temperature may also affect it. Peripheral 
arteriolar constriction appears to be associated with dilatation of the large 
arterial trunks as judged by pulse wave velocities. 

Exposure to warmth dilates the peripheral arterioles and lowers the 
effective resistance and tends to lower mean blood pressure. The latter 
change is, however, antagonised by an increased cardiac output, which 
is achieved mainly by an increased pulse rate, though in the summer 
there may also be an increase in stroke volume. Systolic pressure may be 
raised, and diastolic lowered; if the pulse rate increase is very great, the 
latter change is antagonised. In the later stages of heating dehydration 
occurs and is accompanied by restlessness, a sign of incipient circulatory 
failure. In attempting to compensate for this condition, in which the 
low cardiac output is quite out of proportion to the high oxygen consump- 
tion, the effective periphe.al resistance is increased and there appears 
also to be constriction of the large arterial trunks as indicated by in- 
creased pulse wave velocities (compare the adjustment to splanchnic 
dilatation, 1936), so that the blood pressure levels are maintained or 
even raised. Oxygen utilisation is increased and high A-\V oxygen differ- 
ences may be recorded; if one assumes that the circulation through the 
skin is still maintained at a high level, these values must imply the mixing 
of this blood with highly unsaturated blood from deeper areas. 
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There can be little doubt that it is possible for the stroke volume to be 
decreased some 30 to 50 per cent with no decrease in puls« pressure, or 
even with an increase of over 20 per cent in this pressure. Pulse pressure 
is apt to be misleading in regard to stroke volume unless the distensibilities 
of the vessels are taken into consideration. Division of the pulse pressure 
by diastole pressure (Stone, 1915), by mean pressure (Liljestrand and 
Zander, 1928) or by the square of the systolic pressure (Bazett, 1919) 
all fail to provide any adequate correction for this factor. 

The changes observed are similar in many respects to those described 
by others, but the marked fall of diastolic pressure is not found; the 
changes in this pressure were however similar to those observed in anes- 
thetised dogs by Cheer (1928). The cardiac failure following hyperpne: 
described by Davies and Holmes (1930) was not found, but the condi- 
tions for its occurrence were rarely present. The rapid pulse wave veloc- 
ities at high temperatures did not appear to depend on the more rapid 
conduction of waves, which had a rapid upstroke (Ranke, 1934), for the 
changes were often opposite in direction in central and peripheral vessels 
(protocols 1 and 4 and table 1). The suggestion of Béger and Wezler 
(1936) that contraction of a vessel makes it more distensible, appears 
impossible; if this were true, cold must cause relaxation of the brachial 
and other peripheral large arteries and constriction in the more central 
aorta (table 1), a most improbable contingency. 

The pulse rate changes appear to be mainly reflex in origin, as was sug- 
gested by Benson (1934), but they are certainly not determined by the 
surface temperature alone, nor is it necessary for the surface temperature 
to exceed that of the rectum (protocol 3), for an effect to be produced. 
The final result must certainly be modified not only by blood temperature 
but by reflex effects from the arterial and venous pressure levels. This 
view as to the relative importance of deep temperature changes and 
reflex effects reverses the view expressed earlier by Bazett (1931). 


SUMMARY 


1. Comparisons have been made between estimates of cardiac output 
by the acetylene procedure and by calculation from blood pressures and 
pulse wave velocities, when the subjects were immersed in cool, neutral 
or warm baths. In spite of marked changes in the vascular conditions 
the two methods gave results which indicated the same picture and did 
not differ from one another on the average by more than +14.7 per cent, 
provided that experiments made in the summer months on two subjects 
be excluded. Normal agreement was obtained in these subjects in the 
winter. 

2. Such systematic discrepancies were only seen when the cardiac 


outputs estimated from the blood pressures exceeded 3.4 liters per square 
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meter per minute; it is argued that the cardiac outputs were probably 
high, and beyond the capacity of the acetylene method with the sampling 
times used. 

3. On such interpretations the cardiac output might be slightly in- 
creased or decreased with a slowing pulse in cool baths. It was consider- 
ably increased with a larger stroke volume and increased pulse rate in the 
early stages of warm baths and was reduced to a basal level in spite 
of a high oxygen consumption in the later stages of warm baths as the re- 
sult of dehydration. In this latter stage the stroke volume was very 
small. The subjects were much more susceptible to such dehydration 
in the winter, so that the initial increase in cardiac output was less 
marked, and any increase in stroke volume rarely demonstrable. 

4. In the terminal stages of winter experiments with warm baths 
quite high A-V differences (up to 82.5) might be found. In view of the 
high skin circulation, these must have implied very low saturations in 
active tissues. 

5. In warm baths both systolic and diastolic pressures may be low- 
ered initially, but the fall in diastolic pressure is far less than those com- 
monly described. During incipient circulatory failure following dehydra- 
tion both pressures tend to be raised. 

6. The large arterial trunks show properties which imply their utilisa- 
tion as a blood reservoir; the pulse wave velocity in the ascending aorta 
is slowed in cool baths when the peripheral arterioles are constricted, 
quickened in warm baths when these are dilated, and becomes still more 
rapid as the individual attempts to compensate for dehydration. 

7. The pulse pressure may be considerably increased, even when the 
stroke volume is decreased; such changes depend on decreased distensi- 
bility of the large arterial trunks. 

8. Pulse rate changes to temperature are not explicable as the simple 
effect of either surface or rectal temperature changes; the factors involved 
are complex. 


9. The increased oxygen consumption with rise in body temperature 
cannot readily be related to changes in rectal temperature; if, however, 


it be compared to changes in average body temperature the data give a 
value for Qyo of about 2.9. 


Our thanks are due to the Faculty Research Fund of the University of 
Pennsylvania for a grant towards the expenses of this work. 
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Although the effect of asphyxia on nerve activity has been the subject 
of many previous studies, investigation of some of the points is again neces- 
sary because of the recent extension of our knowledge of the configuration 
of the after-potentials of mammalian A fibers by Gasser and Grundfest 
(1936), and because of the need for experiments in which the other vari- 
ables affecting a nerve’s behavior (Lehmann, 1937a, b) are under control 
at the time at which the oxygenation is varied. In the course of the 
investigation it became apparent that variations of activity occasioned by 
changes in oxygen tension, hydrogen ion concentration and salt balance 
depend upon mechanisms which are closely interwoven. 

Mrtuops. The methods used were those described in a previous paper 
(Lehmann, 1937a). The nerves (phrenic, saphenous and peroneal nerves 
of the cat) were mounted in a moist chamber at 37°C. and kept at pH 7.45 
through the employment of “‘complete”’ Krebs’ solution (Lehmann, 1937a 
in equilibrium with a 5 per cent mixture of CO, in oxygen. Asphyxiation 
was accomplished by substituting for the latter a 5 per cent mixture of 


CO, in nitrogen. No attempt was made to remove the small amount of 
oxygen (about 0.1 per cent) from the gas mixture as the experience of 
previous observers has shown that this amount of oxygen does not make 
the asphyxiation time longer than it is with pure nitrogen. The rate of flow 


of the asphyxiating mixture was sufficient to bring the oxygen tension to 
a low value in a few minutes. 

Resuuts. Changes in the action during asphyxiation. The spike de- 
creases in size and finally all signs of a response disappear. The time of 
extinction depends upon the previous history of the nerve. On a first 
asphyxiation, extinction occurs regularly in 25 to 35 minutes (table 1); 
on a second asphyxiation, as other observers have found (Fillie, 1908; 
Gottschalk, 1914, 1919), the time is shorter; and on a third asphyxiation 
it is still shorter. This shortening must be attributable to an effect pro- 
duced in the nerve by the procedures, as nerves kept for an equivalent 
period without experimentation require the usual time of asphyxiation for 
extinction of the response. Some deficit must remain even when sufficient 

1 Fellow of the Rockefeller Foundation. 
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time is allowed after each asphyxiation to permit restoration of a normal 
configuration to the after-potentials. A change in the nerve analogous to 
that produced by a previous asphyxiation can be brought about by a 
temporary shift of the reaction of the nerve to pH 8.0. After 5 to 10 


minutes at pH 8.0 and a return to pH 7.4, asphyxiation to the point of 


TABLE 1 
The table shows the time required for extinction of the spike and the after-potentials 


in the phrenic, saphenous and peroneal nerves (cat) 


AFTER-POTENTIALS SPIKE 
NERVE AGE REMARKS 
TURE Disappeared Returned to AFTER 
after normal after 
1 Phrenic 2 hrs. 37.0 10 min. 50 min. 27 min 
2 Phrenic 5 hrs. 36.9 10-15 min. 35 min. > 22 min 
3 Phrenic 3 hrs. 37.0 6 min > 2 hrs.* 30 min 
4 Phrenic 1} hrs. 36.8 10-15 min. 35 min. 30-35 min. 
5 Phrenic 10 min 36.8 13 min. 35 min 35 min 
6 Phrenic 94 hrs. 37.8 8 min. 28 min 
7 Saphenous 5} hrs. 37.0 5 min. 25 min 
8 Saphenous 1 hr. 37.0 15 min. > 14 hrs 30-35 min 
9 Saphenous 1 hr. 37.5 28 min 
10 Peroneal 10 min. 37.0 12 min. 70 min 25 min 
ll Peroneal 34 hrs. 37.4 11 min. 3 hrs.* 25 min 
2 Peroneal 20 min. 37.3 8 min. 25 min. 
30 min 
1 hr. 
13 Peroneal 3 hrs. 37.2 8 min. > 60 min. 35 min 
PH shifted to 8.0 and back to 7.4 before asphyxiation 
14 Saphenous 2 hrs. 37.5 4} min. 10 min. 
15 Saphenous 1} hrs 37.1 10 min. 16 mir 
16 Saphenous } hr 37.5 20 min 
17 Peroneal 20 min 37.6 11 min 18 min 
18 Peroneal 15 min. 37. 5 23 min 
Repeated asphyxiation 
19a Peroneal 25 min. 37.4 8} min. 28 min. Ist asphyxiation 
19 b Peroneal 24 hrs. 37.0 74 min. 13 min.* 2nd asphyxiation 
19¢ | Peroneal 34 hrs. 37.0 54 min. 8 min, 3rd asphyxiation 
2a Phrenic 1 hr. 36.0 6 min. 30 min. Ist asphyxiation 
20 b Phrenic 7 min. 14 min. 2nd asphyxiation 


extinction of the spike occurs in from 15 to 


* Supernormal spike height after asphyxiation. 


25 to 35 minutes (table 1). 
Raised thresholds in asphyxiated nerves have often been 


The threshold. 
In addition there is also evidence for an initial period of lowered 
Heinbecker (1929) found lowered thresholds lasting during the 


described. 
threshold. 


20 minutes 


instead of the usual 


first 15 to 30 minutes of asphyxiation in frog nerve, and Thompson and 
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Kimball (1936) found an analogous period in human nerves asphyxiated 


m situ. 

During the first 8 minutes of asphyxiation the after-potentials in the 
phrenic and peroneal nerves resemble those found in nerves deprived of 
ionic caleium (Lehmann, 1937a, b). On the basis of the behavior of the 
after-potentials the threshold would be expected to fall, and this is what 
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Fig. la Fig. 1b 

Fig. la. Threshold curves from a peroneal nerve (cat) at 37°C. The dotted line 
shows the changes in threshold when the pH is changed from 7.4 to 8.0 and back to 
7.4. The threshold at pH 7.4 is called 100. The abscissa at the bottom of the figure 
is in pH values during the period of alkalinization, and in minutes after the change 
back to the conditions giving pH 7.4 at equilibrium. The solid black line shows the 
threshold changes during asphyxia and during recovery in Os. The time for this 
curve is at the top of the figure. 

Fig. 1b. After-potentials recorded during the same experiment as in figure la. 
The lower part of the figure shows the after-potentials at different times after the 
change in pH from 8.0 to 7.4. The solid black line is the after-potential at 7.4 before 
the shift to pH 8.0. The other lines represent records after: 10 minutes ; 
18 minutes ——--——; 36 minutes ;57 minutes . The upper part of the 
figure shows the after-potentials during the recovery period after asphyxia. The 
records are taken at the same time intervals after readmission of OQ» as the records 
in the pH experiment after the pH shift. The thin line shows the rising phase in the 
after-potential and is recorded 2 minutes after readmission of Oz. 


happens (fig. 1a). The fall lasts for about 6 minutes and reaches a level 
which would be encountered in an oxygenaced nerve at pH 8.0. Then the 
threshold begins to rise again; and it soon crosses the normal level to reach 
a stage at which responses can no longer be elicited. During the interval 
of low thresholds spontaneous firing occurs, the magnitude of the discharges 
varying with the excitability. 
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After-potentials. As other observers have found, the after-potentials 
disappear more rapidly than does the spike (5 to 15 min., mean 10 min., 
in this series). Another differential effect with respect to the spike is found 
in the fact that repeated asphyxiation makes little difference in the extine- 
tion time (table 1). More interesting than the effect of asphyxiation on 
the size of the potential, however, is its effect upon the form. As the 
latter changes in different ways in the several nerves which have been 
studied, the nerves must be described separately. 

The changes in the after-potentials of the peroneal nerve are shown in 
figure 3. After 2 minutes of asphyxiation (fig. 3a) the negative after- 
potential begins to decrease and the positive after-potential to increase 
(compare with the normal form in fig. 2a). After 5 minutes (fig. 3 b) all 
negativity has disappeared, spontaneous discharge is marked, and the posi- 
tive potential has a form resembling the mirror image of the normal nega- 
tive after-potential. During the next 5 minutes the discharge and the 
positive potential progressively decrease (fig. 3 ¢) and after 13 minutes they 
are hardly visible (fig. 3 d). 

During the first 5 minutes of asphyxiation the progression resembles 
very closely the changes produced by increasing the pH. For comparison 
the changes in the after-potential occurring in the same nerve between 
pH 7.4 and pH 8.0 are shown in figure 2. 

In the saphenous nerve the picture is quite different. The decrease of 
negative after-potential and the increase of positive after-potential are 
very much less and little spontaneous discharge occurs. In extreme cases 
discharge is absent (fig. 5) and there is no significant positivity at any stage. 
The phrenic nerve usually resembles the peroneal, but occasionally speci- 
mens are more like the saphenous. 

The question arises as to why two such contrasting pictures are to be 
found in different nerves. A clue to an explanation was found in the 
observation that when the form of the after-potentials of a nerve was not 
profoundly changed by asphyxia it was also not greatly altered by increased 
alkalinity. In a previous paper (1937b) it was shown that resistance to 
increased alkalinity could be brought about by providing a rich supply of 
calcium. If the concentration of ionized calcium is also to be the basis 
of the differential behavior during asphyxiation, it should follow that 
nerves of the saphenous type should resemble the peroneal type if they are 
made alkaline or deprived of calcium, and that nerves of the peroneal type 
should resemble the saphenous type if they are made acid or have their 
calcium content enriched. Experiments were performed in which the 
transformation was essayed and the results were in accord with the 
hypothesis. 

The saphenous nerve, if asphyxiated at pH 7.85 instead of at pH 7.4, 
developed good positive after-potentials and spontaneous firing (fig. 6; 
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compare with fig. 5);and the peroneal nerve, if bathed for 3 hours in Krebs 
solution without KCI but containing 5 times the normal amount of Ca 
showed less change in the positive potential and no firing (fig. 4, ¢ and d 
In the latter the high calcium content antagonized the effects of asphyxia 
just as it did the effects of a high pH (compare fig. 4b with fig. 2 d for the 
differential response of the nerve at pH 8.0 kor some reason not under- 
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hig. 2. After-potentials at different pH values in a pero 
a,at pH 7.436, at7.6;¢, at 7.8; andd, at 8.0 

Fig. 3. After-potentials in the same nerve as in figure 
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Fig. 4a and b After-potentials in a saphenous nerve 
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Fig. 4e and d After-potentials in the same nery 
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Ing upon the duration of the asphyxiation and other variables, the negative 
itter-potential mereased in height and duration During this period it 
often had a well marked rising phase fig. 7a) as it does in lrog nerve 
Gasser and Graham, 1932 In the subsequent period the rising phase 
shortened, the initial part of the potential became higher and the duration 


Fig. 7a Fig. 1b 


hig. 5. After-potentials in a saphenous nerve during asphyxia a, before N 

ifter 2 minutes of No: c, after4 minutes of No; d, after 10 minutes of N Extreme 
case with no devel pment of positive after potential 

Fig i) After potentials ina saphenous nerve asphyxiated at pH 7.85 a, before 
No: after 2 minutes of No; c,afterS minutes of No; d, after 10 minutes of N Large 


positive atte poter tial and spontaneous dist harge are deve loped as in the peroneai 


herve 
hig. 7. After-potentials in a peroneal nerve, a, after 2 minutes’ recovery in O 
following asphyxiation, showing the rising phase in the after-potentials; b, after 


lO minutes of O 


decreased fig 7 ly \s this happened, the positive after-potential re- 
turned to its normal size and position The time for complete recovery 
was variable and in general faster for the peroneal nerve than for the 


saphenous. In some nerves the end result was a permanent increase of 


potential with a normal configuration 
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Mechanism of production of the increased negative after-pote ntial during 
recovery. Gerard (1927) and Fenn (1930) have shown that the period 
following asphyxiation of frog nerve is marked by increased utilization of 
oxygen for hours and it is natural to suppose that the behavior of the nerve 
is associated with this altered metabolism. 

Accumulation of catabolites was first considered. Lactate is known to 
accumulate in nerve during asphyxiation (Gerard and Meyerhof, 1927) 
and accordingly the effect of added lactate on the after-potentials was 
tried. As a result it was found that concentrations of d-lactate (neutral) 
up to 250 mgm. per cent were without effect upon the character of the 
potentials. Other catabolites may have an effect; but, because of the 
uncertainty about which ones to try, no further experiments of this type 
were performed. 

Because of the parallelism which exists between them, hydrogen ions 
and calcium ions must be considered together. During the first 8 minutes 
of asphyxiation an alkaline reaction or deionization of the calcium would 
account for the changes in threshold and form of the after-potential, which 
appear during that period; and during recovery an acid reaction or an 
abundance of calcium ions would account for the large negative potential. 
It might be argued that lactic acid accumulates during the extinction 
period, changing the reaction to acid (phenol red injected under the nerve 
sheath did not change in color, but indicators in the tissue spaces would 
not give a satisfactory answer to the question). But it could with equal 
propriety be argued that the nerve had become alkaline. The nerve 
behaves as though it were alkaline in the early period of asphyxia and this 
postulated alkalinity might persist into the later stages. The overshooting 
of the negative after-potential on oxygenation would then be in keeping 
with the overshooting which occurs when a nerve is returned to pH 7.4 
after having been held at pH 8.0 (Lehmann, 1937a). With this com- 
parison, however, we are brought only a little closer to the solution of the 
problem, as up to the present time the latter phenomenon itself has received 
no explanation. It is quite possible that the postasphyxial developments 
may depend upon some mechanism which operates also after high alka- 
linity, for example, a transient overproduction of calcium ions. 

If the concentration of calcium ions is to be the explanation of the 
behavior of the after-potentials during recovery from asphyxia and during 
restoration to a normal reaction after a period of alkalinity, the behavior 
of the nerve otherwise should be in accord with a concentration of calcium 
equivalent to that with which the after-potentials would correspond. In 
the absence of direct chemical tests only indirect evidence is available. 

It is well known that calcium ions cause a rise in the threshold of excita- 
tion. If the large negative after-potentials are attributable to high cal- 
cium, the resting thresholds should be elevated and the curve of thresh- 
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olds should parallel the ability to produce negative after-potential. In 
accord with this argument, the thresholds were measured in the two 
conditions, the method used being the determination of the strength of 
shock which would produce a constant height of response. The results 
are shown in figure 1 a. 

In the curve showing the course followed when a nerve is restored to 
pH 7.4 after having been kept at pH 8.0, the thresholds are seen to rise 
from the low values obtaining at the latter reaction to a height 70 per cent 
above normal, and then to fall again to normal over a period of 38 minutes. 
This period has the same duration as that in which the negative after- 
potentials have an augmented magnitude (fig. 1 b). 

In the curve showing the course followed by the excitability when oxy- 
gen is readmitted to an asphyxiated nerve there is likewise a period of high 
thresholds (fig. 1a). When excitability begins to return, the threshold 
first drops sharply ove ra period of 1 to 2 minutes. It then undergoes a 
marked secondary rise, and reaches normal only after 40 minutes have 
elapsed. This period again corresponds to the period of increased after- 
potentials (fig. 1b). 

Thus the idea of the operation of a similar mechanism after periods of 
asphyxia and periods of alkalinity receives support. The data are com- 
patible with the postulate that the calcium is high; but the possibility of 
the existence of other factors acting like high calcium is not excluded. 

Discussion. All the variations in the behavior of the nerve during 
asphyxia and recovery have been found to be consistent with the hypothe- 
sis that the state of the calcium concomitantly undergoes a series of 
changes. This fact brings up the question of whether the calcium activity 
is determined by the intervention of an altered hydrogen ion concentration, 
or whether it is responsible to some other mechanism. The low thresh- 
olds, the spontaneous discharges, and the after-potential configuration, 
found in the early period of asphyxia, are all characteristic of alkaline 
nerves. And the large negative after-potential and high thresholds, found 
in the early period of recovery, are characteristic of acid nerves or nerves 
recently restored to normal pH after a temporary period of alkalinity. The 
direction of the changes is such as to permit the hypothesis either that the 
nerve becomes alkaline, or that it becomes alkaline at first and later, during 
the period of extinction of the response, becomes acid because of the forma- 
tion of lactic acid. But the magnitude of the changes is against this 
hypothesis. The behavior of the nerve in early asphyxia is like that at 
pH 8.0, a degree of alkalinity which the nerve could not be expected to 
reach; and the size of the negative after-potential during early recovery 
is much larger than can be imitated by making a nerve acid. 

The greatest accumulations of catabolites during asphyxia which have 
been reported in the papers of Holmes and Gerard (1929) would account 
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for only very small shifts of pH. Certainly no changes could occur equiva- 
lent to the ones necessary for the imitation of the behavior of asphyxiated 
nerve. The deionization must have another cause, possibly liberation of 
an ion by which calcium is deionized or with which it forms a precipitate, 
as the phosphate ion. Liberation of phosphate or a similarly acting ion 
in early asphyxia would account for the phenomena which occur at that 
time. As asphyxia proceeds it can readily be supposed that precipitation 
of the normally ionized calcium would upset an equilibrium with an 
unionized fraction leading to a mobilization of calcium ions in order to 
restore the original balance. The mobilized ‘calcium in turn would be 
precipitated and as a result inactive calcium salt would accumulate. Then, 
when the deionizing factor is removed during the oxidative metabolism 
permitted by the reintroduction of oxygen, ionizable calcium would be 
liberated in concentrations in excess of normal and would remain in excess 
until the normal distribution of calcium is restored. This excess of calctum 
would account for the events in the transitional stage of recovery. 

A similar process would occur when the calcium is deionized at a high pH; 
and it would be for that reason that recovery from the latter and recovery 
from asphyxia are brought into relationship. 

When interpreted on the basis of Cat* activity, the curve of thresholds 
obtained during asphyxia and recovery would have to be considered as 
made up of two parts. One part would be secondary to the state of the 
calcium and would be made up of the period of low thresholds during 
asphyxia (fig. la) and of the period of high thresholds during recovery. 
The other part would be attributable to another factor, possibly to the 
inactivation of an enzyme, and would account for the rise of threshold 
which occurs after the first few minutes of asphyxia. When oxygen is 
readmitted the enzyme factor would be reactivated and the threshold 
would drop to the level determined by the ionic balance. In one prepara- 
tion the excitability almost reached the low level which developed in early 
asphyxia. 


SUMMARY 


The effect of asphyxia on excised peroneal, phrenic and saphenous nerves 
of the cat was investigated under controlled conditions of hydrogen ion 
concentration. In many respects the changes produced resembled those 
previously known to be true for frog nerve. 

The after-potentials disappeared before the spike, 10 minutes on the 
average being required for the former, as compared with 30 minutes for 


the latter. They also returned more slowly to normal, taking 50 minutes 
in comparison with 8 minutes for the spike. 

During the first 6 to 8 minutes of asphyxiation the threshold of excita- 
tion fell markedly. Then it rose abruptly to the point of complete iInex- 
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citability. On readmission of oxygen the threshold again fell rapidly to 
near the normal level; it then rose for the second time and remained high 
for about 50 minutes. This secondary rise resembles the curve of thresh- 
olds obtaining when an alkaline nerve is restored to normal. 

The changes in the threshold are interpretable on the basis of an altera- 
tion of the ion balance, and all the other happenings are consistent with 
this interpretation. During the period of low thresholds the after-poten- 
tials are decreased and the nerve becomes spontaneously active as it does 
in a state of low calcium. During the time of high thresholds in the 
recovery period, the negative after-potential is augmented as it is in nerves 
treated with calcium and in nerves recently restored to normal from an 
alkaline reaction. 

The peroneal and saphenous nerves differ characteristically with respect 
to their behavior during asphyxia. Other nerves resemble one or the other 
type to a greater or less degree. 


The author takes pleasure in expressing his deep gratitude to Dr. Herbert 
S. Gasser for the advice and encouragement accorded him during this 
investigation. 
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Walsh, Cuyler and McCullagh (1) studied the effect of androtin (fat 
soluble extract of male urine) on adult hypophysectomized male rats and 
found that it prevented atrophy not only of the accessory organs but also 
of the testes. These observations have recently been confirmed by Nelson 
and Gallagher (2). However, these latter investigators, using urinary 
male hormone, and Vatna (3) using bull-testis extracts, were unable to 
detect any repair of the testicular tubules, if injections were begun three 
weeks after hypophysectomy. In the light of recent investigations (4, 5) 
it seems fairly certain that the urinary extracts employed by Walsh et al. 
were rich in androsterone, while those employed by Vatna were rich in 
testosterone. Since both these substances are now available in crystalline 
form, it seemed advisable to determine the effects of these and other 
synthetic androgens! in hypophysectomized rats. In all we have studied 
eight such substances. At present we wish to report only the results 
obtained with androsterone, testosterone, and dihydroandrosterone 
benzoate. 

MATERIALS AND METHODS. Adult male rats were used in this study. 
Table 1 shows the dosages of the androgenic substances employed, the 
number of animals in the experimental and control groups, and the average 
absolute and relative weights of the sexual organs of the animals. It will 


be noticed that for every hypophysectomized treated group, with the 
exception of group VII, there are separate hypophysectomized control and 
normal control groups. Groups which are so classed together constitute 
distinct series. Animals in each series were uniform as to size, age and 
strain, and in some instances were littermates; but the animals in the 
different series were not of uniform stock. Comparison of absolute 


weights, therefore, is permissible within each series, but not among differ- 
ent series. In order to make inter-series comparisons possible, relative 
values were computed with normal control values considered as 100. 
As the result of preliminary experiments indicated that the intraperi- 
1 Supplied through the courtesy of Dr. Erwin Schwenk, Schering Corp., Bloom- 
field, N. J. 
121 


122 FE, CUTULY, D. R. MCCULLAGH, AND E. C. CUTULY 


toneal administration of androgenic substances produced indefinite and 
irregular results, all injections were made subcutaneously. Injections in 
hypophysectomized animals were begun one day after operation and con- 
tinued daily for 18 days. The animals were autopsied one day after the 
final injection. The material to be injected was dissolved in sesame oil; 
the volume of each injection was uniformly 0.5 ce., except in group IX 
where it was 0.6 ee. 


TABLE 1 
Average absolute weights (grams) and relative weights (normal control values = 100) 
of sexual organs of hypophysectomized rats injected subcutaneously daily for 18 days 


SEMINAL | VENTRAL DORSAL 


TESTES | VESICLES | PROSTATE | PROSTATE 


GROUP 


Absolute 
Relative 
Absolute 
Relative 


Relative 
Absolute 


NUMBER OF RATS 


Absolute | 


Dihydroandrosterone benzoate (1.25 mgm. daily 
£ 


. Hypophysectomized treated... . 7 (0.48 200.214) 38'0.105 460.072) 52 
. Hypophysectomized control /0.45) 19}0.046; 80.017) 810.023) 17 
$ .558/100'0.227 100.0. 137,100 


. Normal control... 


Androsterone (1.50 mgm. daily) 
’. Hypophysectomized treated. 1.57) 65'0.431| 58\0.239) 740.139 


7 
Hypophysectomized control (0.54) 22:0.096) 12/0.034) 100.042 
‘I. Normal control 8  |2.41)100,0.745 10010 325/100 0.185 


Testosterone (0.45 mgm. daily) 


. Hypophysectomized treated. 1 
. Normal control..... 2 {2 


09 36/0.473) 73:0.127) 56'0.103! 78 
73/1000 .651'100)0 100'0. 133/100 


Testosterone (1.50 mgm. daily) 


. Hypophysectomized treated 37| 144) 97 

X. Hypophysectomized control 56) 24\0.065) 10'0.025} 8/0038) 26 

XI. Normal control 668! .331/100/0. 148) 100 

All organs were weighed in the fresh state and then fixed in Bouin’s or 
Zenker’s fluid. Paraffin sections of the tissues were cut at 5 micra and 
stained with hematoxylin-eosin, iron hematoxylin-light green, or with 
Mallory’s triple stain. 

Serial sections of the pituitary fossae of all treated animals (except for a 
few in group I) were carefully examined microscopically. No remnants of 
anterior lobe were discovered in any instance. 

Resutts. 1. Scrotum. It has been known for some time (6) that 
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following hypophysectomy in the rat, the scrotum gradually regresses and 
the testes come to occupy an inguinal or abdominal position. In the 
hypophysectomized rats injected with androsterone and with the 1.5 mgm. 
dose of testosterone, the scrota did not regress but remained pendent 


and vascular, and the testes remained scrotal in position. Androsterone 
seemed to cause greater turgescence and flushing of the scrotum than 
testosterone. The smaller dose of testosterone seemed only to retard 
scrotal atrophy. Dihydroandrosterone benzoate produced only a very 
slight scrotal response in hypophysectomized rats as judged by the degree 
of flushing and turgescence; the testes of these animals were inguinal 
in position at the time of autopsy. 

2. Testes. The values in table 1 show that 1.5 mgm. of androsterone 
largely prevented the testicular atrophy which invariably follows hypo- 
physectomy. Equivalent doses of testosterone (IX) were slightly less 
effective than androsterone, and smaller doses (VII) were considerably 
less effective. Dihydroandrosterone benzoate completely failed to arrest 
testicular shrinkage. 

a. Interstitial cells. Histologically the testes of all the hypophysec- 
tomized rats treated with the androgenic substances showed marked 
atrophy of the interstitial cells and this was similar in every way to that 
which occurred in the testes of control hypophysectomized rats. It seems 
worthy of note that two types of interstitial cell degeneration were ob- 
served. The usual type was characterized by an apparent decrease in the 
size of the nucleus, which seemed to stain more intensely, and a profound 
reduction in the amount of cytoplasm. A more unusual type of degen- 
eration was seen in interstitial cells in whose cytoplasm relatively large 
masses of yellowish pigmented granules were prominent. At times this 
pigment was so abundant that the nucleus, which was usualiy pyknotic, 
was displaced to the periphery of the cell. Similar pigmentary degenera- 
tion was observed to occur in the reticular zone of the adrenal glands of 
these animals. These pigmentary changes are similar to those described 
by Rasmussen (9) as occurring in the testes of the woodchuck in the 
autumn and during hibernation and to those described by Zalesky (10) 
as occurring in the adrenals of castrated guinea pigs. 

b. Tubules. The histological appearance of the tubules of the testes in 
the injected hypophysectomized rats varied, depending on the substance 
administered and the dose. Androsterone and testosterone in daily doses 
of 1.5 mgm. apparently caused complete maintenance of most of the tes- 
ticular tubules; the latter contained an intact and structurally normal 
seminiferous epithelium. Structurally normal spermatozoa were present 
in abundance also in the epididymides. Varying degrees of tubular 
damage, however, were discernible in all the testes. The testes of the 
hypophysectomized rats injected with 0.45 mgm. of testosterone contained 
more degenerated tubules than did those treated with the larger dose, and 
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tubular maintenance, when it did oecur, was not as complete as in the 
other group. In a few instances the tubules of the testes of the animals 
treated with dihydroandrosterone were not so profoundly atrophic as in 
untreated controls, but such findings were not sufficiently marked nor 
consistent to be considered significant. 

c. Accessory sexual organs. Dihydroandrosterone was least effective in 
maintaining the accessories. Testosterone at both dosage levels produced 
relatively heavier seminal vesicles than did androsterone. However, the 
relative weights of the ventral prostates of the animals injected with 1.5 
mgm. of androsterone were greater than those in animals injected with 
0.45 mgm. of testosterone. The dorsal prostates of androsterone-treated 
rats were relatively as heavy as those of rats treated with 0.45 mgm. of 
testosterone, but appreciably smaller than those of rats treated with the 
larger dose of testosterone. 


While the histological appearance of the accessory sexual organs of all 
treated rats could be characterized as essentially normal, certain differen- 
tial effects are worthy of note. For example, when androsterone and 
testosterone were administered in equivalent amounts (1.5 mgm.) the 
ventral prostates were maintained to practically the same degree—74 per 
cent and 76 per cent normal, respectively. The epithelial response of the 
ventral prostates of the androsterone-treated animals, however, was 


structurally inferior to that in the testosterone-treated rats: in the former 
group the prostatic epithelium was comparatively low while in the latter 
group the epithelium was very tall. The prostates of testosterone- 
treated animals, on the other hand, contained very little secretion in the 
acini, while those of the androsterone-treated rats contained a considerable 
amount of secretion. Both the epithelial response and the amount of 
secretion in the seminal vesicles of testosterone-treated animals, however, 
were greater than in androsterone-treated rats. In the two testosterone- 
treated groups (VII and IX) the marked difference in relative weights 
between the heavier dorsal prostates and the lighter ventral prostates 
(in each case the difference being approximately 20 per cent) could be 
attributed entirely to the presence of secretion in the dorsal portions of the 
glands and to its absence in the ventral portions. 

Discussion. The fact that the scrota of hypophysectomized animals 
do not regress when the animals are injected with androgenic substances 
has already been interpreted by us (7) as indicating that the scrotum is 
under the control of the male sex hormone. Recently Hamilton (8) has 
independently expressed the same idea. 

The maintenance of testicular tubules in rats by androgenic substances 
in the absence of hypophyseal hormones leads one to question whether 
such an effect is the result of a direct stimulating action of male hormone 
on the seminiferous epithelium or whether it is brought about indirectly. 
In the light of Moore’s studies (11) which have shown that proper scrotal 
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function is indispensable to spermatogenesis in the rat and other mammals, 
it seems obvious that the scrotal atrophy which invariably occurs following 
hypophysectomy in the rat would in itself be sufficient to cause tubular 
injury. It seems quite possible, therefore, that the administration of an- 
drogenic substances to hypophysectomized rats prevents scrotal atrophy 
and thus provides the tubules with an environment which is suitable for 


and essential to the continuance of gametogenesis. This idea is supported 


by the fact that the degree of tubular maintenance in our animals seemed 
to be correlated nicely with the degree of scrotal maintenance. Tubular 
maintenance in such a case would be only indirectly effected by male 
hormone. If this is correct, it would seem that spermatogenesis, to a 
certain extent, is independent of any direct recognized hormonal stimula- 
tion. To how great an extent spermatogenesis in the rat is dependent only 
on environment and independent of direct anterior pituitary stimulation 
remains to be determined. 

Nelson and Gallagher (2) have demonstrated that spermatogenesis in 
hypophysectomized rats could not be revived by urinary extracts of male 
hormone if the injections were begun after involution of the testis tubules 
had occurred. Similar results have been obtained by us in rats hypo- 
physectomized previously and injected with testosterone or androstenediol, 
despite the fact that in some of our animals the scrota were restored to an 
apparently normal condition and the testes redescended in them (unpub- 
lished experiments). While such results strongly indicate that androgenic 
substances are, unlike anterior pituitary substances, incapable of repairing 
the tubular damage caused by hypophysectomy, it should be borne in 
mind that the type and dose of androgenic substance employed and the 
duration of the injections are important factors which should be investi- 
gated further in this respect. 

The idea that spermatogenesis in the rat is to some extent, at least, 
independent of any direct hormonal stimulation has already been advanced 
by us (7). We interpret the recent findings of Hamilton (8) and of other 
investigators as strong supporting evidence of this view. Nelson (12) has 
found that progesterone can cause tubular maintenance in hypophysec- 
tomized rats. Fevold et al. (13) have shown that yeast extracts also are 
capable of preventing atrophy of the testis tubules in hypophysectomized 
rats. Furthermore, the latter workers mentioned the fact that the yeast 
extracts prevented scrotal atrophy in their animals. 

The important réle played by the scrotum has been so emphasized by 
this study that it seems wise to call attention to another point concerning 
gonadokinetic substances. Reports by Smith et al. (14) and by Evans 
et al. (15) have indicated that the germinal epithelium of the testes of 
hypophysectomized rats can be selectively stimulated without any obvious 
morphological or physiological effect on the interstitial cells. Neither 
of these groups of investigators mentioned the condition of the scrota of 
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their animals or the position of the testes. If the secrota of their animals 
were functioning properly, it may be questioned as to just what extent the 
observed gametokinetic effects could be attributed to a selective game- 
tokinetic principle, for an intact scrotum would imply that male hormone 
was being produced. At present, it is believed that the production of 
male hormone is stimulated by the “luteinizing” or interstial cell-stimu- 
lating principle of the anterior lobe of the hypophysis. If the latter 
substance were present, it is possible that sufficient male hormone was 
being produced by the testes to maintain the scrotum, but not enough to 
affect the other accessory sexual organs. Were such the case, the inter- 
pretation of the results obtained by these investigators would have te be 
modified. 


CONCLUSIONS AND SUMMARY 


1. Dihydroandrosterone, androsterone, and testosterone were injected 
into hypophysectomized rats for 18 days. All three substances at the dose 
levels employed caused varying degrees of maintenance of the accessory 
sexual organs, but only androsterone and testosterone prevented to a large 
extent atrophy of the testis tubules. Degeneration of the interstitial cells 
was not arrested by any of these substances. 

2. Evidence is adduced that: a, scrotal function is maintained by the 
male sex hormone; b, proper scrotal function is indispensable to spermato- 


genesis; c, spermatogenesis in the rat is to a certain extent independent of 
any direct recognized hormonal stimulation. 

3. The results of this investigation indicate the need of caution in the 
interpretation of apparently purely gametokinetic effects in the male rat. 
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In experiments on the frog Adolph (1934, 1935) found that low oxygen 
tensions inhibited urine production. The question arises: do mammals 
react similarly to shortage of oxygen? No satisfactory information could 
be found in the literature on the effect of anoxia alone on the rate of 
urine production in mammals, although variations in urine volume have 
been mentioned in reports primarily concerned with the effects of low 
oxygen and of respiratory obstruction on the general metabolism and blood 
composition. Scattered data also exist concerning variations in urine 
volume at high altitudes, during the reduction of barometric pressure 
in decompression chambers, and during the administration of cyanide. 

In the present work, two series of experiments were carried out, one 


on anesthetized sacrifice dogs and the other on dogs with urinary bladder 
fistulas. 


ANESTHETIZED DOGS. In the first series, the dogs were given diallylbar- 
biturie acid plus urethane (Dial*?) by stomach tube. After complete 
anesthesia, one of the carotid arteries was cannulated for blood pressure 
recording by a mercury manometer; the trachea was cannulated for the 
administration of the low oxygen; and the ureters, exposed through a 
ventral incision in the abdominal wall, were cannulated a short distance 
from the bladder. 

The oxygen mixtures were made up before each experiment in two large 
spirometers of 500- and 300-liter capacities. The percentages of oxygen 
and carbon dioxide were determined by gas analysis. Carbon dioxide 
was not added in the later experiments after it was found that in propor- 
tions up to 4 per cent it did not alter the urinary responses of the animals 
to anoxia. The gas mixtures were administered to the dogs by connecting 
the spirometer to the cannulated trachea by wide-bore rubber tubing and 
flutter valves so that the animal breathed from the spirometer and out 
into the room air. 


‘A preliminary report of this work appeared in the Proceedings of the American 
Physiological Society, This Journal 113: 131, 1935. 

2? Dr. C. C. Haskell, of the Ciba Company, New York City, generously supplied 
the anesthetic. 
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The urinary rates were determined by collecting urine samples sepa- 
rately from the cannulated ureters over 15- or 20-minute periods; but in 
some of the experiments the drops of urine were counted in 2-minute 
periods. In all of the experiments, control urinary rates were determined 
after the animal had been prepared and while it was breathing room air 
through the flutter valves. 

The dogs were last fed 16 hours before the experiment, but they had 
access to water until the administration of the anesthetic. No diuretic 
was used in any of the experiments. 

The chloride concentration of the urine was determined on 0.1 ce. 
by the modified Volhard-Harvey method (Peters and Van Slyke, 1932a). 
Urea plus ammonia was also determined on 0.1 ec. by the Van Slyke and 
Cullen urease-aeration method (Peters and Van Slyke, 1932b). Qualita- 
tive sugar tests using Benedict’s solution, and protein tests with acetic 
acid plus heat, were made on 1 drop of urine. 

Water excretion. Although at times polyuria resulted from the breath- 
ing of low-oxygen mixtures, the general response of the dog was oliguria 
of varying degree. The response of dog j (fig. 1) can be considered as 
usual; with every period of anoxia, the urinary rate was diminished. The 
renal response of the animal to anoxia may not be an immediate oliguria 
but with the continued breathing of the oxygen-poor mixture, the poly- 
uria which occasionally resulted, for example in dog q (fig. 1), gradually 
gave way to an oliguria. The readministration of room air generally 
produced polyuria which lasted for varying lengths of time. 

The arterial blood pressure of the animals during the anoxia rose 
and remained elevated during the period. Even though the blood pressure 
increased, the urinary rate decreased (dog j, fig. 1); hence the general 
systemic blood pressure did not induce the oliguria. 

That the renal responses cannot be attributed entirely to the low 
oxygen per se is illustrated by the responses of dog w (fig. 2). Anoxia 
lasted only 3 minutes, but polyuria lasted 1 hour. 

Among the responses that occur in mammals as a result of reducing 
the oxygen supply is an increased secretion of epinephrine. The evidences 
for this are given by Cannon (1929) and by Sato, Inaba and Takahashi 
(1932). To determine whether the increased activity of the adrenals as 
a result of anoxia was a factor contributing to the urinary response, an 
experiment was conducted in which the procedure was the same as above, 
except that in addition the lumbo-adrenal veins were occluded by liga- 
tures. After the urinary response to anoxia was observed, the veins were 
released, a new urinary control rate determined, and low oxygen was 
again administered. Without the adrenals the response was polyuria; 
with the adrenals, the response was possibly oliguria (fig. 3). Emphasis 
cannot be placed on one experiment, but evidently the adrenal glands play 
an important part in the renal response to low oxygen. 


' 


URINE FORMATION UNDER ANOXIA IN DOGS 129 
zp Dog j \ 160 
53%0, \ 58%0; 6540,/\ | 
4.1% (0, | \ 424.00, \ 
Sis N / o£ 
S 
— 
2) |* Blood pressure 
q lo Urine excretion | 
| |g 
| 
8. 
| 
Air 76% 02 80% 0, Air 
40 60 80 100 i20 m0 wd mo 700220 260 300 340 360 Seo 
Time in Minutes 
Fig. 1. Effects of anoxia on urine excretion and blood pressure in anesthetized 
dogs. 
| 
Dog s - Controi 
(250, 274.0, | \ | 
° Urine excretion mz \ 
— Right ureter | \ E 
Left. ureter \ | \ 
| \ \ 3 
rs) \ is 
}50 \ \ 
Dog w | } \ \ & 
| \ \ p | \ my 
= | \ \ 
\ \ — \ | \ 
MS o—¢, = 1204 
Bs 
~ 
0 60 100 120 180-200 220 240 «260 32 340 360 
Time in Minutes 
Fig. 2. Effects of normal, and of low oxygen tensions, on urine excretion and blood 
pressure in anesthetized dogs. 
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2) illustrated the fact, observed occasionally, that both 


same response; during the second 


low-oxygen period, the left kidney manifested greater polyuria than the 
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right. In the recovery period, the left kidney showed a diminution in 
excretory rate; the right, a tremendous polyuria. Generally speaking, 
however, both kidneys reacted similarly, and for this reason most of the 
graphs presented have the excretory rate for only one kidney. 

Full-time control experiments were conducted in order to determine 
whether the surgical procedure carried out in the preparation of the ani- 
mals could alone give a renal response (dog s, fig. 2); the dog was breath- 
ing room air through the flutter valves during the entire experiment. The 
urinary rates and the carotid blood pressure were constant. 
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Fig. 3. Effects of anoxia with and without oeclusion of adrenal veins on urine 
excretion, blood pressure, urea concentration, and rate of urea excretion in an 


anesthetized dog. 


A summary of the experiments carried out on anesthetized animals is 
given in table 1. The onset time for each response was determined by 
examining the curve of the urinary rate and noting the urinary period 
in which the curve showed a definite change. The time from the be- 
ginning of the anoxia to the midpoint of this period was taken as the 
onset time. The time of the recovery of rate of urine excretion while 
breathing room air was determined in this same way. 

The experiments of table 1 are divided into two groups, those experi- 
ments which resulted in oliguria during the anoxia, and those which 
resulted in polyuria. No percentage of low oxygen can be taken as an 
invariable limit for inducing oliguria or polyuria. But the rapidity of 
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onset of the response is correlated with the oxygen percentage; the lower 
the oxygen percentage, the more quickly the kidney responds. Another 


TABLE 1 


Re nal responses to anoria in anesthe tized dogs 


GAS COMPOSITION EXCRETION RATE 


DOG DURATION ONSET RECOVERY 
NUMBER OF ANOXIA ‘ TIME TIME a 
CO. Left Right IN AIR 
ureter ureter 
per cent per cent minutes per cent® per cent* minute minutes per cent® 
c 9.0-7.8 68 35 13 100 QO 
j-4 8.6 3.1 27 50 17 8 130 
2k $2 27 55t 20 10 
2) 8 .1-7.5 15 35 28 
e-2 8.0 0.2 59 25 6 20) 100 
oO 123 0 0 23 190 
q 7 .6-8.0 149 25t 25t 82 100 110 
p 7.6 95 30t 60t 66 130 95 
7.5 24 5Ot () 200) 
2 7.3 74 10 90 
] 6.8 4.2 31 10 10 7 S 70 
j-3 6.5 3.9 12 10) 5 } 145 
k-2 6.4 3.9 31 15 25 11 70 135 
e-] 6.3 +8 19 30 28 5 120 
d-2 6.2 0.2 27 30 6 ) 105 
j-2 2.8 4.2 13 30 6 180 
j-1 5.3 7 28 0 10 5 230 
g-2 5.0 20 25 5 
k-] 18 +1 2: 10 30 13 15 175 
w-2 9.7 19 110 130 5 j 570 
d-1 8.5 2.0 67 135  f 5 175 
2i at 64 120 30 10 120 
w-l 7.3 3 3 440) 
6.6 3.2 15 110 170 5 8 
1 5.3 3.8 32 140 165 5 7 150 
r 20.9 (control) 35f 45t 
20.9 (control) 130% 1407 


Where several experiments were performed on one dog they are indicated by a 
number after the letter which identifies the animal. 

* Percentage of normal (control) rate. Urine recovery in air is the maximum 
rate which was attained, not necessarily at the ‘“‘recovery time.”’ 

+ Polyuria preceded oliguria during anoxia (see fig. 1). 

{ Changes were gradual and progressive. The urine rates during the first hour 
were considered as 100 per cent 


possible correlation is that the longer the duration, the longer the recovery 
time. These two correlations are especially noticeable in the oliguria 
experiments. 
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The oxygen saturation of the blood during all of the periods of anoxia 
was decidedly below the normal value, as judged from the color of the 
blood vessels on the urinary bladder wall. Oxygen analyses were carried 
out on arterial blood drawn during the period of anoxia in two experi- 
ments (dogs g and i); the blood during the low-oxygen period contained 
only 47 per cent of the normal content, and in the latter only 30 per cent. 

The data given in table 1 have been supplemented by Van Liere and 
cosworkers (1935), who reported that brief periods of anoxia, in barbi- 
talized dogs, resulted in oliguria. The proportion of their experiments 
that resulted in polyuria, one in fifty experiments, is less. 

Solute concentrations and excretions. The changes in the urinary urea 
plus ammonia concentration in urine as a result of the anoxia are illus- 
trated in figure 3. The concentration during the first anoxial period 
decreased with the increase in the urinary rate. Although the adrenal 
veins had apparently been occluded, the variation in the urea concentra- 
tion was the same during the polyuria whether epinephrine had access to 
the circulation or not. During the second anoxial period, the concentra- 
tion again decreased, but in this case the urinary water rate also decreased. 
The rate of urea excretion varied directly as the water excretion rate. 

The chloride concentration of the urine, after complete anesthesia, was 
extremely low in all the experiments. Probably the anesthetic, or the 
increased respiratory rate which resulted as the anesthetic was taking 
effect, influenced the urinary chloride concentration. With the concen- 
tration already low, no significant effect of the anoxia on the concentration 
was observed. 

A summary of the urinary urea analyses, and of the protein and sugar 
tests, from all the experiments, is given in table 2. Proteinuria appeared 
regularly during oliguria but never with polyuria. Glycosuria occurred 
in the majority of dogs during or shortly after the anoxial period in the 
polyurias and oligurias. 

BLADDER-FISTULA Dogs. Although the above experiments seemed to 
show that oliguria was the usual result of anoxia, it was possible that the 
experimental surgical procedure and the anesthesia were contributing 
factors. To decide this point a series of experiments was performed on 
unanesthetized dogs with urinary bladder fistulas; experiments were re- 
peated on the same dogs after they had been anesthetized. 

After having recovered from the operation for the urinary bladder- 
fistula, which opened to the outside just anterior to the symphysis pubis, 
the dog was trained to remain quietly in a stall, suspended by wide cloth 
straps, and to breathe through an air-tight face mask and flutter-valves. 
During the experiment a glass cannula in the fistula insured complete 
drainage of the urine into a funnel and a small graduate which were 
strapped under the fistula. No ill consequences were suffered by the 
animals because of the operation or the experimental procedure. 
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The gas mixtures were prepared and analyzed as previously described 
in this report. The same chemical analyses and tests were carried out 
on the urine samples as those in the anesthetized dog experiments 

Water excretion. The urinary responses are shown in section A of 
figure 4. Experiments 9 and 14 resulted in polyuria, the time of onset 
of polyuria apparently being correlated with the severity of the anoxia. 
In a full-time control experiment (expt. 16), no significant variation of 
the excretory rate is observed. The presence of carbon dioxide in the 
inspired low oxygen mixtures appeared to prevent the polyuria in dog x 
(expts. 18 and 19, table 3), but not in dog 2g (expts. 7 and 8, table 3). 
Table 3 summarizes all of the experiments carried out on the three dogs 
with urinary bladder fistulas. The threshold oxygen percentage for 
polyuria appears to be between 11 and 10 per cent. The exceptions to 
this are experiment 2e-2, in which 7.4 per cent oxygen did not cause any 
significant change from the normal rate, and experiments x-18 and x-19, 
just mentioned. 


TABLE 2 


Summary of chemical analyses of urine from anesthetized anoxial dogs 


UREA CONCEN- 


NUMBER TRATION 


OF 
EXPERI- 
MENTS De- No In- No In- N 
crease change crease change crease change 
Oliguria 
Polyuria 


The figures indicate the number of experiments in which each result was found 


Since the fistula dogs responded to anoxia with polyuria, a result 
entirely different from the anesthetized operated dogs, three experiments 
were performed on the same animals under anesthesia. Dog x-20 (fig. 4) 
was lying on its back; the urine was siphoned into a graduate through a 
narrow rubber tube connected to a cannula in the fistula. Dogs x-17 and 
2g-11 (table 3) were suspended, legs down. It appears that neither the 
anesthetic nor the body position is a factor in the production of polyuria 
in fistula dogs, for polyuria occurred in all three. 

Solute concentrations and excretions. Anoxia in the bladder-fistula dogs 
affected the urinary urea (plus ammonia) concentration in the same 
way as it did in those sacrifice dogs that responded with a polyuria, but 
urinary chloride concentration was affected differently. With the onset 
of polyuria, the urea concentration fell; but the chloride concentration 
rose (fig. 5). As the polyuria wore off, especially in the recovery period, 
both concentrations gradually approached the control levels. When the 
inspired air contained carbon dioxide, the increase in the chloride concen- 
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tration of the urine was prevented; the urea concentration, however, 
still decreased. At no time did glycosuria occur as a result of the anoxia, 
and the urinary protein continued the same as it was in control periods. 
A summary of these analyses and tests on the fistula dogs is given in 
table 4. 

Discussion. Water excretion. Possible factors bearing on the kidney 
responses to anoxia are: 1, tubular reabsorption; 2, the acid-base equilib- 
rium of the blood; 3, the plasma concentration; 4, the sympathetic 
nervous system and the adrenal glands. 


r 


Air | 76%0, 6.9% 0, Air 
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Fig. 4. Effects of anoxia on urine excretion and heart rate in anesthetized and 
unanesthetized urinary-bladder-fistula dogs. 


If the anoxemia which results from the respiration of low oxygen 
asphyxiates the tubular epithelium of the kidney, the reabsorption of 
filtrate would be interfered with. Such an effect, which was said to be 
the basis for the response that Starling and Verney (1924) and Bayliss 
and Lundsgaard (1932) obtained by perfusing the kidney with cyanide, 
should have resulted mainly in polyuria and a urine approaching the 
plasma in composition. However, in the present work the sacrifice dogs 
generally showed oliguria, and the urinary urea concentration never fell 
nearly as low as the blood urea concentration. 
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If changes in the acid-base equilibrium of the blood, for instance the 
blowing off of carbon dioxide, were affecting the urinary rate, the presence 
of this gas in the inspired air should have altered the renal responses. 

TABLE 3 


Renal responses to anoxia in fistula dogs 


GAS COMPOSITION 
DOG DURATION EXCRETION ONSET RECC ERY 
NUMBER OF ANOXIA RATE TIME TIME 


Unanesthetized animals 


per cé per cer inute pe é 
x-4 13.8 S7 85 25 70 
x-2 i3..7 $2 75 23 i10 
x-5 13.3 118 100 & SO 
x-7 11.6 102 90 0) & 100 
x-9 10.0 65 170 110 
9.9 79 160 30) 110 
x-13 7.9 89 230 22 10 80 
2e-1 7.8 3] 130 20 8 105 
2¢-3 7.8 60 155 30 1) 145 
2¢-4 7.6 70 150 22 >() 75 
x-19 1.0 13 51 120 20) 8 110 
2e-2 7.4 70 a0 35 a0 
2e-3 7.4 90 130 3() 2%) 140 
2g-7 7.0 $0 13 175 8 & 100 
x-14 6.7-7 .6 200) 93 130 
29-8 6.6 3.6 57 135 115 
6.5 59 ISO 195 
x-18 6.4 1.3 71 80 20 30 100 
x-15 5.6-6.9 16] 29() ISO 
x-16 20.9 (control) 95 
2¢g-1 20.9 (control) 

Anesthetized animal 
x-20t 7.6-6.9 135 610-3820 29() 
x-177 164 630-220 260 
2g-11t 6.5 25 170 5 
* Percentage of normal (control) rate. Urine recovery in air is the maximum 


rate which was attained, not necessarily av the ‘“‘recovery time 
+t Dog on its back. 
t Dog suspended in stall. 


This was not always the case. Again, changes in the acid-base equilib- 
rium of the blood resulting from interference with the normal oxidation 
of organic acids, mainly lactic acid, might alter the normal renal func- 
tion; but there is no evidence that they do. 


URINE 
REC ERY 
CoO IN AIR 
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The blood and plasma concentrations of solids remained fairly constant 
during the course of any one experiment; when any variation occurred, 
the changes were slight and progressive. This information was obtained 
from four anesthetized splenectomized dogs that were subjected to the 
same range of oxygen percentages and for the same lengths of time as 
those on which the urinary rates were determined. The analyses carried 
out on heparinized blood were: hematocrit and water content of whole 
blood, and refractive index and specific gravity of plasma. With this 
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Fig. 5. Effects of anoxia on urea and chloride concentrations and water excretion 
in an unanesthetized urinary-bladder-fistula dog. 


TABLE 4 


Summary of chemical analyses of urine from fistula dogs 


UREA CONCEN- | CHLORIDE CON- = 
— TRATION CENTRATION 
Le) 
EXPERI- |— —— 
MENTS De- No In- No In- No 
crease change crease change crease change 
Unanesthetized. .. 13 9 3* 3 9 


The figures indicate the number of experiments in which each result was found. 
* Low oxygen mixtures contained carbon dioxide. 


constancy the variations in the water excretion rate can hardly be attrib- 
uted to blood dilution or concentration. That small changes in the blood 
concentration may occur during anoxia resulting from breathing low oxy- 
gen in morphinized dogs is also indicated by data reported by Kasugai 
(1935), who found an increase in the serum protein concentration with a 
decrease in the colloidal osmotic pressure in dogs breathing 10 per cent 
oxygen. Such a fall in the colloid osmotic pressure might result in 
polyuria. 

The anoxia may affect the kidneys through the sympathetic nervous 
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system (as suggested by Van Liere and co-workers, 1935). However, if 
this were the major factor affecting the kidney, no variation in the urinary 
rate should occur whether the epinephrine was entering the general circu- 
lation or not (dog 2k). The effect of different rates of administration of 
epinephrine on urinary excretion is reported in the following paper. The 
renal response of the urinary bladder-fistula dogs to low oxygen was poly- 
uria, and under no conditions present in this series of experiments was a 
significant oliguria observed. It is possible that the secretion of epineph- 
rine in the anesthetized dog is greater than in the unanesthetized animal. 
Kodama (1924) reported that the highest rate of epinephrine secretion 
in the anesthetized dog in response to complete asphyxia for 2 minutes 
was 7.38 micrograms/kgm./min., while Sato, Inaba, and Takahashi (1932) 
reported 1.6 micrograms/kgm./min. as the highest figure that they observed 
in the unanesthetized dog. 

When the bladder-fistula dogs were anesthetized, anoxia still produced 
polyuria. A difference in the anesthetized fistula dog and the sacrifice 
dog is the surgical manipulation (cannulation of the trachea, carotid 
artery, and ureters) which the sacrifice animals underwent in their prepa- 
ration for the experiment. The surgical manipulation may have changed 
the conditions existing in the animals, so that, for instance, like or unlike 
increased secretion of epinephrine acted differently in the sacrifice and 
bladder-fistula dogs. 

Solute concentrations and excretions. Anoxia may affect the chemical 
composition of the urine by affecting the tubular epithelium, the glomeru- 
lar membrane, or the blood pressure of the glomeruli. It may affect all 
three factors to varying degrees; in such a case, analysis of the responses 
of the constituents of the urine becomes extremely involved. 

During the oliguria resulting from the anoxia in the sacrifice dogs the 
urea concentration decreased (fig. 3), but since the water excretion also 
decreased, the change in the urea concentration cannot be attributed to 
the increased excretion of water. This explanation might, however, 
apply to the fall in urea concentration which resulted during the polyuria 
in the sacrifice animals, and almost always in the polyuria occurring in 
the bladder-fistula dogs (fig. 5). As the oliguria or polyuria diminished, 
the urea concentration gradually approached the control level. 

The urea excretion rate usually varied as the water excretion in both 
the sacrifice dogs and the urinary bladder-fistula dogs. 

Van Slyke and co-workers (1934) report that the urea clearance parallels 
the blood flow of the kidney in the dog, With a decreased blood flow, the 
urea clearance was probably decreased. The decreased blood flow might 
be attributed to the increased epinephrine concentration of the blood 
which occurs during the anoxia, the epinephrine exerting a specific influ- 
ence on the afferent and efferent arterioles of the glomeruli. This point 
will be discussed in greater detail in the following paper. 
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The urinary chloride concentration of the bladder-fistula dogs increased 
as the polyuria occurred. This effect on the chloride concentration ap- 
pears to be a separable one, for the presence of carbon dioxide in the 
inspired air prevented this increase. These changes in the chloride and 
urea concentrations are unlike those in experiments concerning the 
effects of cyanide on renal function. 

The chloride excretion rate in the fistula dogs increased during anoxia, 
due to both the polyuria and the increased chloride concentration. 

The urine tests for protein during oliguria became positive during 
or after anoxia in the sacrifice dogs, if they were negative in the control 
period; or if already positive, the tests became stronger. Possibly the 
lack of oxygen in the blood affected the glomeruli to increase their perme- 
ability, allowing protein to escape from the blood stream; or possibly the 
blood flow through many glomeruli was stopped, which temporarily 
asphyxiated the glomerular membrane. Landis (1928) reported that oxy- 
gen lack resulting from stasis increased the permeability of the frog’s 
mesentery capillaries and allowed protein to escape from the blood, 
and with the return of circulation the capillaries recovered their imperme- 
ability. 

In the present work, the protein of the urine during polyuria did not 
change from that in the control period; the anoxia evidently was less. 
There was no effect of the anoxia on the urinary protein in the fistula dogs. 

The tests for urinary reducing substances indicate that anoxia, under 
the conditions present, resulted in a temporary glycosuria during or 
shortly after the low oxygen. This response conforms to the epinephrine 
theory of anoxial oliguria. It is difficult to identify, however, why all 
the experiments did not result in an increased sugar excretion. 


SUMMARY 


Anoxia in anesthetized sacrifice dogs, induced by the respiration of gas 
mixtures containing percentages of oxygen below 10 per cent, for { to 
2} hours, generally resulted in oliguria, but occasionally in polyuria. 

In dogs with urinary bladder-fistula, however, the anoxia resulted in 
polyuria, whether the animals were anesthetized or not. The presence 
of carbon dioxide in the inspired air altered the renal response to anoxia 
only under certain conditions. Several circulatory factors, particularly 
epinephrine secretion, were considered as possibly concerned in the changes 
in rate of water excretion. 

The urinary concentrations of urea and cbloride did not approach those 
of the plasma in the sacrifice or fistula dogs. The rates of urea and 
chloride excretion varied directly as the water excretion in both types of 
animals. The anoxia induced temporary proteinuria in the sacrifice 


animals which responded with an oliguria and a temporary glycosuria in 
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the majority of the experiments. In the fistula animals, anoxia was 
without effect on the urinary protein and sugar. 
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The oliguria which usually results after dogs have inspired gas mixtures 
low in oxygen (Toth, 1937) might be due to the increased secretion of 
epinephrine which results under these conditions. In order to determine 
whether epinephrine directly administered could produce urinary responses 
similar to those produced by the anoxia, the experiments to be reported 
were carried out. 

The effects of epinephrine on the excretory function of the kidney 
have been investigated, but the data recorded are extremely conflicting; 
the different anesthetics, different species, and different experimental 
procedures confuse their interpretation. Luckhardt and Koppanyi (1927) 
reported that the anesthetic, and also the depth of anesthesia, influence 
the pressor response of the animal to subcutaneous injections of epineph- 
rine. It was found that by using one species of animal and the same 
experimental procedure in a series of experiments, conclusive information 
could be obtained concerning the quantitative epinephrine effect on urine 
output, and the information obtained helps to interpret the data reported 
in the previous paper. 

Mernuops. The preparation of the dogs for the experiments was essen- 
tially the same as that already described (Toth, 1937). For injection of 
the epinephrine, a burette with the epinephrine solution was connected 
by narrow rubber tubing to a cannula in the femoral vein of the dog; 
judging from the rapidity of the pressor response, the dead space in the 
system was negligible. In one series of experiments (dog 2m) the plunger 
of a l-cc. syringe was connected to a micrometer screw which was turned 
at a constant rate by hand. Subcutaneous and intramuscular injections 
(1:1000 adrenaline solution) were given all at one time. 

The urine samples were analyzed for urea (plus ammonia) and chloride; 
protein and sugar reducing tests were also carried out on the samples. 
The same methods were used for these analyses and tests as were used 
in the previous paper. 

Resutts. Water excretion. Typical responses to different rates of 
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intravenous infusions of epinephrine in anesthetized dogs are shown 
in figure 1. In the experiments carried out on dog 2m, the rates of infu- 
sion varied from 1.6 to 7.7 micrograms (y) per kilogram body weight per 
minute; the low rates of infusion resulted in polyuria; more rapid rates 
resulted in oliguria. The arterial blood pressure rose during every in- 
fusion. The total amount of fluid infused in any one animal was never 
more than 100 ce. Control experiments in which corresponding volumes 
of physiological salt solution were infused did not show any effect on the 
urine rate. In dog 2d (fig. 1) a rate of 6.8y decreased markedly the rate 
of urine excretion although it increased the blood pressure. With a slower 
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Dog2m 


* Blood pressure | 
<x 
rs) 
fino 0: 
"1000 y/Kg.Intramusc. 
6.6y 


0 20 40° 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 
Time in Minutes 
Fig. 1. Effects of epinephrine on urine excretion and blood pressure in anes- 
thetized dogs. The numerals indicate the rates of injection, in micrograms per 
kilogram of body weight per minute. 


rate of infusion the urinary rate increased, from approximately 2 cc. per 
hour to 45 cc. After stopping the infusion the urinary rate fell to the 
control level. 

The experiment on dog 2a (fig. 1) illustrates the urinary response to 
epinephrine injected intramuscularly in two places. Polyuria resulted 
which lasted for more than six hours, even though no change in arterial 
blood pressure occurred. After massaging the injected areas (dog 2g-10, 
fig. 2, not anesthetized), the existing polyuria was interrupted temporarily. 
Subcutaneous injections of epinephrine (dog 2b, table 1) also resulted in 
polyuria, but the onset of the response was somewhat more delayed. 

The data from all of the experiments carried out on dogs receiving 


| it 
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infusions and injections of epinephrine are recorded in table 1. In the 
first group of experiments the rates are from 10.3 to 5.67; from this rate 
a decided oliguria resulted; from rates of 3.0y or less, the urinary response 
was polyuria. That an absolute threshold rate does not exist is shown by 
the experiments carried out on dog t; this animal responded with polyuria 
to rates of 7.7y and 7.3y in two experiments, but usually such rates re- 
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Fig. 2. Effects of epinephrine on urine excretion and solute concentration and 
excretion in an anesthetized and an unanesthetized dog. 


sulted in oliguria. No correlation is indicated in table 1 between the 
rate of infusion and the onset time, or between the rate of infusion and 
the recovery time. The results in table 1 are similar in magnitude and 
duration to the urinary responses to anoxia (Toth, 1937), not only in the 
initial response but also in the recovery response. 

In the unanesthetized dogs with bladder fistulas, large intramuscular 
and subcutaneous injections of epinephrine resulted in polyuria (table 1), 
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the intramuscular injections effecting a response in a shorter time than 
the subcutaneous injections. The polyurias in these experiments were 
of longer duration than those in the infusion experiments. 


TABLE 1 


Urinary responses to epinephrine in dogs 


EXCRETION URINE RATE 
RATE ( 
DOG MODE OF DOSAGE DURA- ONSET RECOV 
OSAGE y 1 
NUMBER ADMINISTRATION TION TIME 
Left Right 
| ureter | ureter 


Anesthetized dogs 


minute snule ent® ge | per cent® 

u Intravenous 10.3 18 0 30 10 50 100 
2f Intravenous 8.9 41 70+ 15 10 10 175 
Intravenous 16 25 2 IS 
2h-1 Intravenous 7.1 25 ay) 10 10 195 
2d-1 Intravenous 6.8 59 25 25 8 28 65 
2m-2 Intravenous 6.7 S 60 2 10 135 
\ Intravenous 5.6 53 35 75 28 30 95 
2d-2 Intravenous 3.0 63 (2,100 3,200 10 10 190 
2m-3 Intravenous 2.3 22 195 6 2 105 
2h-2 Intravenous 1.9 2g 200 10 10 80 
2m-4 Intravenous 1.8 1S S80 { 

2m-l Intravenous 1.6 25 190 2 3 120 
t-1 Intravenous 37 290; 21 4 790 
t-2 Intravenous 7.3 36 2607) 3607 27 Ss 280 
2a Intramuscular 1 ,000$ 1 25 120 

2b Subcutaneous 1 ,000§ 150 | 370 50 280 


Unanesthetized bladder-fistula dogs 


x-12 Subcutaneous 1,000 420 | 130 120 
2¢-9 Subcutaneous 475** 340 | 50 60 
2g-10 Intramuscular 430 130 


* Percentage of normal (control) rate. Urine recovery after infusion is the 
maximum rate which was attained, not necessarily at ‘‘recovery time.’ 

+ Polyuria of 140 per cent preceded oliguria. 

t Oliguria of 60 per cent during first 10 minutes of infusion. 

§ Injected dose of 1000 y/kgm. in two places. 

** Massaged injected area. 

tt Injected in two places and massaged areas (fig. 2). 


Solute concentrations and excretions. Results of chemical analyses of 
the urine samples obtained from dogs responding typically to epinephrine 
infusions and injections are plotted in figure 2. Dog 2d was anesthetized 
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and received the epinephrine intravenously. Dog 2g-10 was unanes- 
thetized and the epinephrine was injected intramuscularly. With high 
rates of infusion, the urea concentration of the urine decreased along with 
the urine excretion rate. After stopping the infusion the urea concentra- 
tion gradually increased. With a rate of infusion that resulted in poly- 
uria, the urea concentration again decreased as the polyuria set in (dog 
2d). After intramuscular and subcutaneous injections of epinephrine, 
the urinary urea and chloride concentration in the unanesthetized dog 
varied inversely as the water excretion (dog 2d-10). 

Glycosuria resulted from every epinephrine administration, as was to 
be expected, no matter what the mode of administration. After the 
epinephrine administration the glycosuria gradually disappeared, pro- 
vided no more epinephrine was injected. Protein appeared in the urine 
in four of the five experiments which resulted in oliguria, this appearance 


TABLE 2 


Summary of chemical analyses of urine from epinephrinized dogs 


UREA CONCEN- CHLORIDE CON- 


ROTEIN 
TRATION CENTRATION 


NUMBER AND TYPE OF EXPERIMENT 


De- No De- No In- No 
crease change crease change crease change 


Anesthetized: 


5 oliguria 5 0 4 1 

6 polyuria 6 0 0* 4 
Unanesthetized: 

3 polyuria 3 0 3 1 


Figures indicate the number of experiments in which each result was found. 
* Two decreased. 


usually occurring after the cessation of infusion. If protein was already 
present, the amount increased during and after the infusion. 

A summary of the chemical analyses and tests carried out on the urines 
from the epinephrine experiments is given in table 2. It should be men- 
tioned that although proteinuria did not occur during polyuria resulting 
from epinephrine, proteinuria occurred when intramuscularly injected 
areas were massaged. During the massage, the polyuria was temporarily 
diminished, however. 

Discussion. Water excretion, The fact that the general systemic 
blood pressure and the urinary response to epinephrine are not correlated 
in the present experiments is evident in figure 1. This lack of correlation 
indicates that changes in the arterial blood pressure do not explain the 
variation in the urine excretion. 

The fourth and fifth experiments carried out on dog 2m (fig. 1) are of 
particular interest. Before the infusion of 1.8y, the urinary rate was 
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low; this slow infusion was used in order to cause polyuria. On sud- 
denly changing to a faster infusion, oliguria ensued. 

A pressure-regulating mechanism exists locally in the kidney which 
must be considered in any explanation of urinary response to epinephrine. 
The diameter of the afferent arteriole is somewhat larger than that of 
the efferent arteriole, this observation being one principal factor upon 
which Ludwig (1861) based his filtration theory of urine formation. Pro- 
vided the general systemic blood pressure does not fall, a constriction of 
the efferent arteriole raises the glomerular pressure. Constriction of the 
efferent arterioles probably increases the kidney volume; but constriction 
of the afferent, or of both afferent and efferent arterioles, probably de- 
creases the kidney volume. This was suggested by Richards and Plant 
(1922a), who found that under the influence of minute doses of epinephrine, 
the blood flow through the kidneys of eviscerated cats, rabbits, and dogs 
was decreased at the same time that the kidney volume and urine rate 
increased. They also reported (1922b) an increase in kidney volume 
accompanied by an increase in resistance as a result of adding epinephrine 
to the fluid with which they were perfusing the kidney. Winton (1931) 
also observed that epinephrine in concentrations of 1:20,000,000 in the 
perfusion fluid raised the urine flow in a heart-lung-kidney preparation at 
the same time that the perfusion flow decreased; but higher concentrations 
induced a diminished excretion of urine and a greater decrease in perfusion 
flow, the arterial pressure being maintained constant in both cases. Doc- 
tors C. F. Schmidt and A. M. Walker (personal communication) found 
that intravenous injections of 10y (total dose) in rabbits, and 20y and 50+ 
in dogs, resulted in marked diminutions of renal blood flow and tempo- 
rary oliguria. Within 10 minutes the blood flow recovered, sometimes 
to higher levels than before; occasionally polyuria accompanied the in- 
creased blood flow. 

The results of the present experiments can be readily viewed in ac- 
cordance with the data just cited. Infusion rates of 5.0y/kgm./min. or 
higher, perhaps constrict the afferent arterioles, or both the afferent and 
efferent arterioles, resulting in diminution of urine flow, probably because 
of the decreased glomerular pressure. Infusion rates of 3.0y constrict the 
efferent arterioles, raise glomerular pressure, and increase urine flow. 
These results are similar to those of Gunning (1917) who stated that infu- 
sions of 4.5y/kgm./min. for 3 minutes in unanesthetized dogs resulted in 
oliguria; and the work of Samson and Jacobs (1932) who reported that 
infusions of ly/kgm./min. for long periods (4 to 13 days) in unanesthetized 
dogs resulted in polyuria. Starr (1926) also reported that epinephrine 
infusions of 207/min. for 4 minutes in anesthetized dogs resulted in oliguria 
while 3y/min. for 3 minutes resulted in polyuria. 

The response of glomeruli to epinephrine can be directly observed in 
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the frog’s kidney. Richards, Barnwell, and Bradley (1927) found that 
dilute epinephrine in frogs’ blood causes a rise in perfusion pressure and a 
swelling of the glomerular tufts. They interpret the result as evidence 
that the efferent vessels of the glomeruli were constricted. Adolph (1936) 
reported that epinephrine in 5y to 25y doses, injected subcutaneously 
into pithed frogs, resulted in oliguria and a brief cessation of blood flow 
through the glomeruli. Intravenous injections of 2y to 4y also caused 
brief oliguria, but at times such doses caused polyuria, especially when 
the urine rate was low. 

Subcutaneous and intramuscular injections of epinephrine in massive 
doses did not bring about oliguria under any circumstances in the present 
experiments (table 1). The urinary responses seem to indicate that the 
absorption from these regions is at such a rate as to simulate a slow in- 
travenous infusion. Neither injecting the epinephrine in two places, nor 
massaging the injected area, nor both, changed the effects to oliguria. 
Possibly the renal vessels became adapted to, or fatigued by, the continued 
influx of epinephrine and thus failed to respond to the larger concentra- 
tion after massage; or the rate of destruction of epinephrine increased and 
kept pace with the absorption and thus maintained the epinephrine 
concentration of the blood at a low level. Luckhardt and Koppanyi 
(1927) found that repeated massage of a subcutaneously injected adrenal- 
inized area is followed by progressively weaker responses of the pressor 
action, a phenomenon which they describe as fatigue of the peripheral 
apparatus. That subcutaneous epinephrine results in oliguria under some 
circumstances is indicated by Koppanyi and Dooley (1929) who reported 
oliguria, along with decrease in kidney volume, in anesthetized dogs after 
massaging the subcutaneous epinephrinized areas for 10 to 25 seconds. 

Solute concentrations and excretions. Concerning the effects of epineph- 
rine on urea excretion, Addis, Barnett and Shevky (1918) found that the 
rate of urea elimination from rabbits was increased after hourly subcu- 
taneous injections of small doses of epinephrine. Watkins and Smith 
(1931) reported that subcutaneous injections of epinephrine into anesthe- 
tized rabbits did not influence the urea output during the first eight 
hours after the injection. In the present work, rapid rates of epinephrine 
infusion, resulting in oliguria, decreased the urea concentration and its 
excretion; but rates which resulted in polyuria increased the urea excre- 
tion, even though the concentration again decreased. The urinary urea 
concentration, however, never fell nearly as low as the blood urea concen- 
tration. 

A factor which may bring about the changes in urea concentration, and 
subsequent decreases in urea excretion, is variation in the renal blood 
flow. Van Slyke, Rhoads, Hiller and Alving (1934) report that the 
urea clearance in unanesthetized dogs is directly proportional to the blood 
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flow through the kidney. In the present experiments, rapid rates of 
infusion of epinephrine, perhaps resulting in vasoconstriction of the 
afferent and efferent arterioles, may decrease the blood flow through the 
kidney and thus decrease the urea elimination. 

The chloride concentration in the unanesthetized dogs varied inversely 
as the water excretion, but the chloride excretion varied directly. There 
seems to be no specific effect of the epinephrine on the chloride concen- 
tration or elimination. This agrees with the conclusion of Peters and Van 
Slyke (1932). 

Temporary proteinuria usually accompanied oliguria during or shortly 
after the epinephrine infusion. The permeability of the glomerular 
membrane to protein may have increased as a result of the epinephrine 
itself or of asphyxiation due to constriction of the afferent and efferent 
renal arterioles. After stopping the infusion the arterioles may relax, 
but some blood protein may escape before the normal permeability is re- 
established. This hypothesis was advanced by Starr (1926) and the 
present experiments fit it. 

The effects of epinephrine on urine excretion reported in this paper 
are similar to the effects of anoxia on the kidney reported in the previous 
paper (Toth, 1937); consequently the epinephrine theory of anoxial 
oliguria and polyuria appears to be probable. 


SUMMARY 


Intravenous infusions of epinephrine into anesthetized dogs resulted 
in either oliguria or polyuria, depending on the rate. A rapid rate re- 
sulted in oliguria; a slow rate in polyuria. Hence both of the effects found 
in anoxia can also be obtained by epinephrine infusions. Intramuscular 
and subcutaneous injections of epinephrine resulted in polyuria. In- 
jecting the epinephrine in two places, or massaging the injected area, 
had no permanent effect on the polyuria. 

The urinary urea concentration decreased after rapid or slow rates 
of epinephrine infusions, and after injections. The urea and chloride 
excretion rates varied directly with the water excretion rate. 

Rapid rates of epinephrine infusions which resulted in oliguria usually 
produced proteinuria, rates which resulted in polyuria did not affect the 
urinary protein content. 


The author is indebted to Dr. E. F. Adolph fer his helpful suggestions 
and encouragement during the course of this work. 
REFERENCES 


Appis, T., G. D. BARNETT aNp A. E. SHevky. This Journal 46: 39, 1918. 
AvoupH, E. F. This Journal 115: 200, 1936. 


148 L. A. TOTH 


Gunnina, R. E. L. This Journal 46: 528, 1917. 

Koppanyl, T. anD M.S. Dootrey. Proc. Soc. Exper. Biol. and Med. 26: 443, 1929. 

Lucxuarpt, A. B. anp T. Koppanyr. This Journal 81: 436, 1927. 

Lupwiac, C. Lehrbuch der Physiology des Menschen. Leipzig, C. F. Winter, 2nd 
ed., p. 427, 1861. 

Perers, J. P. anv D. D. Van StyKke. Quantitative clinical chemistry. Baltimore, 
Williams and Wilkins Co., vol. I, p. 1044, 1982. 

Ricnarpbs, A. N. ano O. H. Puant. This Journal 69: 191, 1922a. This Journal 59: 
184, 1922b. 

Ricuarps, A. N., J. B. BARNWELL AND R. C. Braputey. This Journal 79: 410, 1927. 

Samson, P. C. anp H. R. D. Jacoss. This Journal 99: 433, 1932. 

Srarr, I. J. Exper. Med. 43: 31, 1926. 

Torn, L. A. This Journal 119: 127, 1937. 

VAN SLYKE, D. D., C. P. Ruoaps, A. HILLeER anp A. §. Atvine. This Journal 109: 
336, 1934. 

Warkins, O. anv G. V. Smirx. This Journal 96: 28, 1931. 

Winton, F. R. J. Physiol. 73: 151, 1931. 


= 


DIVIDED DOSAGE OF INSULIN! 


FRITZ BISCHOFF anp LILLIAN M. JEMTEGAARD 


From the Chemical Laboratory, Santa Barbara Cottage Hospital, Santa Barbara, Calif. 
Received for publication December 21, 1936 


In comparing the efficacy of various insulin combinations (1) (2) (3) 
designed to prolong the physiologic effect, it became necessary in order 
to interpret the results to know with some exactness the effect of divided 
dosage of regular insulin. 

The present report is a study of the hypoglycemia produced in rabbits 
by a single dose of insulin compared with the hypoglycemia produced by 
the same amount of insulin given in smaller doses at regular intervals. 

Mertruops. Ten adult rabbits were studied once weekly following a 2 
hour fast. Each alternate week they received a single dose of insulin 
intramuscularly in an amount sufficient (1 unit per kilo or less) to produce 
hypoglycemia but not insulin shock. During the intervening week they 
received the same amount of insulin intramuscularly in divided doses. 
Since the divided doses produced an augmentation in effect resulting in 
insulin shock it was necessary to reduce the insulin dosage as the experi- 
ment progressed and repeat both the single and divided dosage procedure. 
Only data for animals not in insulin shock are recorded. 

The experiments include the effect of 4 doses of insulin given } hour, 
+ hour, or ? hour apart; 8 doses of insulin given } hour, ? hour, 1 hour, 
or 1} hours apart; 16 doses given 1 hour apart; 24 doses given 1 hour 
apart. 

Resvutts. The results are given in table 1. There is no significant 
difference in the hypoglycemic curves whether the insulin is given in 
four smaller doses during the course of ? or 14 hours, or as a single dose. 
Extension of the 4 dose period through 2} hours produces an augmenta- 
tion in effect, in which comparable low blood sugar values are just two 
hours behind the respective control values. 

Profound augmentation in effect is produced by eight doses given during 
the course of either 3} or 5} hours. Not only is the hypoglycemia as 
intense but the prolongation of effect exceeds that of the controls by 
four hours. 


1 This study was made possible by a grant from Mr. Wm. R. Dickinson. Some 
of the blood sugar determinations were performed by Mr. Russel Spicer and Mr. 
Willard Lee McRary. 
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On further division of dosage extending through 7, 113, and 15 hours, 
the hypoglycemia is never as intense as that manifested by the single dose, 
so that one would not be justified in speaking of an augmentation of effect 
but rather a prolongation of effect. 
The last experiment is of great interest because it shows that 3 the 
hypoglycemic dose given at hourly intervals is still sufficient insulin to 


produce a hypoglycemia. 


TABLE 1 


Comparison of the effect of an intramuscular dose of insulin given in a single injection 


with that given in a number of smaller injections at regular intervals 


BLOOD SUGAR AS MGM. PER 100 cc, 


TIME AND DOSE 


11 12 13 16 


1 3 5 71.8 9 
hr. | hrs. | hrs.) hrs.| hrs hrs. | hrs. | hrs. | hrs. | hrs. 
4 injections, i hr. apart 43 | 33 59, 103 
injection 45 40 56) «94 
injections, 4 hr. apart 19 37 97 107 
1 injection 42 41 60 103 
injections, ? hr. apart 65 41 47 
1 injection 41 46 88 113 
8 injections, 4 hr. apart 55 | 37 38 74 120 
1 injection 59 101 
8 injections, } hr. apart 78 | 55 418 62 115 
1 injection 45 | 67 | 117 
8 injections, 1 hr. apart 92 | 61 54° 55 67 | 122 
1 injection 45 | 75 | 122 
8 injections, 1} hrs. apart 67 74 60 57 63 51 86 
1 injection : 44 | 52 | 100 
16 injections, | hr. apart 85 | 84 70 63 64 
1 injection 51 | 71 | 120 
24 injections, 1 hr. apart 82 78 77 
1 injection 44 | 52 | 100 


Discussion. The purpose of the present study was to establish hypo- 


glycemic curves for divided dosage of regular insulin which would match 
the curves or portions of curves obtained when insoluble insulin deriva- 
tives were administered, and thus give some clue as to the rate of libera- 
tion of insulin from the insoluble combination. 

For the sake of discussion and on the basis of our experience with pro- 
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tein hormone combinations we have classified combinations which pro- 
duce delayed resorption into four groups. The insulin when injeeted 
into the tissues will, if delayed resorption takes place, do one or more of 
the following: 1, form or remain an insoluble compound; 2, be adsorbed 
or remain adsorbed by an insoluble solid; 3, be adsorbed by a naturally 
occurring colloid gel; 4, be entrained by precipitation of the naturally 
occurring tissue constituents. 

It should be emphasized that as regards solubility the question of 
prime importance is the period of insolubility of the insulin combination 
at the point of injection, not the solubility in the solution injected. Com- 
mercial insulin is injected at pH 3. During the process of neutralization 
by the tissue fluids the insulin passes through its minimum solubility at 
the isolectriec point and again becomes soluble as the pH of the tissues is 
approached. The fact that the insulin becomes insoluble at some point 
in the neutralization is not pertinent in producing delayed resorption, 
because the insulin does not remain insoluble for any appreciable period 
of time. Insulin injected at the isolectric point produces a hypoglycemic 
curve approximating that produced by dosage of an acid solution. 

The theoretical amounts of zine, copper, tannic acid, ete., required to 
form insoluble insulin combinations at pH 7.0 do not, when given with 
insulin, show the prolonged liberation manifested by the presence of an 
excess of substance. Most of the insulin in the stoichimetrie combination 
is more rapidly liberated. The excess of precipitant must owe its effec- 
tiveness to the entrainment of the insulin compound by the precipitation 
of surrounding tissue constituents. (Compare 0.01 mgm. Cu with 0.1 
mgm. Cu.) 


BLOOD SUGAR VALUES IN MGM. PER 100 cc. 
(AVERAGE FOR 5 STANDARD RABBITS 


lhr 


Control 15 
0.01 mgm. Cu per unit 65 
0.1 mgm. Cu per unit 107 


The latest protamine insulin combination of Eli Lilly and Company con- 
tains 1 mgm. Zn per 500 units insulin, an amount sufficient to render 
the insulin insoluble at pH 7.4. The protamine might therefore be 
available for precipitation of tissue proteins, or as an adsorbing surface 
for the micell. 

The hypoglycemic curves obtained in the present study indicate the 
proper timing of insulin resorption required to produce the augmentation 
effects originally reported by us (1) and now confirmed by numerous 
experiments on various insulin compounds. They do not, however, ex- 


110 
dD 66 Q? 
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plain the decrease in activity observed by us for histone (3) and by 
Fazekas and Himwich? for aluminum and zine. It is apparent that in 
these cases insulin liberation must greatly exceed 24 hours or some 
unknown factor comes into play. 


SUMMARY 


By injecting insulin in divided doses at regular intervals it has been 
possible to reproduce hypoglycemic curves resembling those obtained 
by injecting tissue insoluble insulin combinations. 

An augmentation in effect (similar intensity of hypoglycemia with 
prolonged effect) is produced when the time of resorption extends over 3 
to 5 hours. 

A more shallow hypoglycemic curve is produced when the resorption 
period is extended over 7 hours. 

Hourly doses of 3‘; unit insulin per kilo or less still produce hypo- 
glycemia. 
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2 Effect of aluminum. Data for the effect of aluminum salts on insulin resorption 
are given below. It will be noted that the effect is very marked. This experiment 
has been included because unpublished data of Bischoff and Maxwell did not agree 
with the report of Scott and Fischer (J. Pharmacol. Exper. Therap. 55: 206, 1935) 
that aluminum was ineffective. Our results are in agreement with those recently 
reported Sy Fazekas and Himwich (J. Pharmacol. Exper. Therap. 58: 260, 1936). 
The salt used in our experiment was aluminum ammonium sulfate. It is possible 
that Scott and Fischer based the amount of precipitant to be used on the total salt 
rather than the aluminum content (about 5 per cent). 


Blood sugar values in mgm. per 
100 cc. (average for 8 standard 


rabbits) 
lhr. 3hrs. 5Shrs. 7hrs. 
0.1 mgm. Al per unit 86 64 77 96 
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The present experiments represent an attempt to observe the state 
of activity of the fetal respiratory system by a new approach, the chief 
features of which are the elimination of anesthetics and the inhibition 
of labor. Our first experiments were undertaken because a new oppor- 
tunity was offered by the hormonal inhibition of labor (Snyder, 1934) 
to observe fetuses in the intrauterine environment at the same stage of 
development as that of newborn of one, two or three days. The original 
problem was to determine whether pyruvic acid cyanohydrin and cyanide 
(Marshall and Rosenfeld, 1936) would stimulate fetal respiratory move- 
ments. The state of apnea of the fetus offered a good base-line for test- 
ing the effectiveness of a respiratory stimulant. 

METHOD AND MATERIALS. In a typical experiment inhibition of labor 
was accomplished in a rabbit by a single intravenous injection of 100 rat 
units of pregnancy urine extract (Antuitrin 8, Parke, Davis and Co.) admin- 
istered on the 25th day of pregnancy, i.e., one week before the end of 
normal gestation which occurs usually at 32 days (Snyder, 1934). The 
spinal cord of the maternal animal was sectioned at the level of the 2nd 
lumbar vertebra following infiltration of the superficial tissues with 1 
per cent procaine in order to permit laparatomy without the use of a 
general anesthetic. Incision of the abdomen in the lower midline was 
carried out beneath the surface of a bath of Ringer solution at 37°. The 
gravid uterus readily escaped from the peritoneal cavity and came under 
direct observation still remaining submerged. Any movements of the 
thorax and abdomen of the fetus could be clearly distinguished in view 
of the thinness and translucency of the ucerine wall of the rabbit at term 
as well as the absence of amniotic fluid except in minute amounts. 

At the conclusion of the experiment the litter was delivered and kept 
under observation in a warm box for 48 hours in order to determine any 
abnormalities. 


1 Preliminary reports: Proc. Soc. Exper. Biol. and Med. 33: 576, 1936; This 
Journal 116: 147, 1936. 
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Gases and volatile anesthetics were administered through a T shaped 
cannula introduced by tracheotomy under local anesthesia. In some 
experiments the complication of tracheotomy was avoided by enclosing 
the head of the animal in a glass chamber through which the gases could 
be passed. Gas mixtures were made up in 100 liter Douglas bags by 
admitting tank oxygen, nitrogen, and carbon dioxide through a three liter 
wet test meter. Check analyses indicated that the composition of a mix- 
ture, e.g., 7 per cent carbon dioxide in oxygen, lay in a range of 6} per cent 
to 7} per cent. 

The material upon which observations were based included a total of 
56 litters of rabbits which contained 220 fetuses; 14 litters of cats with 
54 fetuses; and 3 litters of guinea pigs with 10 fetuses. 

Rabbit fetuses were studied at various stages of pregnancy extending 
from 28 days to 35 days. Since the rabbits were mated in the laboratory, 
the duration of pregnancy was accurately known. At term, i.e., 32 days, 
there were 29 litters which contained 121 fetuses. At stages of prema- 
turity there were, at 31 days, 2 litters containing 5 fetuses; at 30 days, 
5 litters containing 26 fetuses; and at 28 days, an immature litter with 2 
fetuses. At stages of postmaturity, there were, at 33 days, 8 litters with 
33 fetuses; at 34 days, 7 litters with 17 fetuses; and at 35 days, 2 litters 
with 6 fetuses. 

Of the 14 cats, there were 4 litters which were near term, containing 
15 fetuses which weighed 90-105 grams and with crown rump length of 
125-180 mm. Of the 3 guinea pigs, 1 litter was near term. 

OBSERVATION. In full-term fetuses within the uterus, the respiratory 
system is found to be in a state of marked activity as shown by the occur- 
rence of regular respiratory movements. Rhythmical excursions of the 
chest wall and diaphragm continue throughout periods of observation 
lasting many hours. 

If now a fetus is allowed to escape into the saline bath through a small 
incision of the uterus while the placenta remains attached and circulation 
through the cord is unimpaired, the respiratory movements continue 
vigorously. The fetus, completely submerged in the saline bath, swims 
about and may crawl along the mammary region of the mother like a 
newborn approaching a nipple. Respiratory movements occur during 
periods of general body activity as well as when the fetus is at rest. With 
the fetus directly in view, we were able to distinguish no essential differ- 
ence in the character of the fetal respiratory movements from those seen 
immediately after birth. 

If the head of the fetus is now delivered into the air while the cord 
circulation remains unimpaired, the respiratory movements continue as 
before. With the escape of fluid from the mouth and nares, the onset of 
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breathing of air instead of fluid is marked by change in color of the blood 
of the umbilical artery from blue to bright red 
With the establishment of fetal pulmonary ventilation, the fetus now 


has access to two sources of oxygen supply, pulmonary as well as placental. 


Upon loss of the placental oxygen supply at birth, the respiratory move- 
ments, which have been traced from their origin during intrauterine life, 
assume significance in providing the sole mechanism of respiratory 
exchange. 

The rate of intrauterine breathing afforded quantitative expression of 
the state of activity of the respiratory system, especially of the changes 
induced by variations in oxygen and carbon dioxide concentration of the 
fetal blood. Changes in depth were noted also but were more difficult 
to express quantitatively. 

In litters which contained from one to ten fetuses there was wide differ- 
ence in rate of breathing even among members of the same litter. In a 
single litter one or more fetuses showed respiratory movements of regular 
rhythm while others were completely apneic. If all of the fetuses were 
then detached from the uterus and removed to the air the difference which 
existed in the uterus was no longer evident and the entire litter after deliv- 
ery breathed at a uniformly rapid rate characteristic of the newborn. 
Failure to demonstrate regular respiratory movements in any of the litter 
within the unopened uterus was encountered in about a quarter of the 
experiments. 

In the fetuses which were delivered into the saline bath while the 
cord circulation remained unimpaired, the rate of respiration usually 
increased. In apneic fetuses respiratory movements usually set in soon 
after escape from the uterus into the saline bath. The rate was less 
rapid, however, than in the newborn. 

At various stages of pregnancy it was found that a certain maximum 
rate was not exceeded by fetuses of a given age, although in a single 
litter individuals varied in respiratory rate below this level. At full 
term, 32 days, the intrauterine rate was about 30 per minute, in pre- 
matures at 30 days, the rate was less than half as rapid, in postmature 
fetuses at 34 days the rate was often twice as rapid as at term. In con- 
trast to the antepartum respiratory rate, the newborn breathed much 
more rapidly, often attaining a rate of 180. 

The influence upon respiration of exposure of the uterus at laparotomy 
and of section of the spinal cord was controlled by examination of the 
pregnant animal before operation. In the intact animal which was sitting 
quietly on a table or lying on its back, fetal movements could readily be 
seen by observation of the abdominal wall of the mother. At localized 
areas of the abdomen corresponding to the position of different fetuses 
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Fig. 1. Effect of carbon dioxide excess and of oxygen deficit upon intrauterine 
respiration of two full-term rabbit fetuses of 32 days. In fetus B, respiratory 
failure following experimental anoxemia. 

Fig. 2. Effect of carbon dioxide excess and of anoxemia upon intrauterine respira- 
tion of a postmature rabbit fetus of 33 days. 

Fig. 3. Effect of carbon dioxide excess, of oxygen deficit, and of carbon dioxide 
deficit upon intrauterine respiration of a postmature rabbit fetus of 34 days. 
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Fig. 4. Effect of hyperventilation of the mother with air and with oxygen upen 
intrauterine respiration of a postmature rabbit fetus of 35 days. 

Fig. 5. Intrauterine respiration of a full-term rabbit fetus of 32 days before and 
after laparotomy. 

Fig. 6. Effect upon intrauterine respiration of a postmature rabbit fetus of 33 
days, of narcosis with pentobarbital sodium administered intravenously to mother 
in 2 doses, each being 10 mgm. per kgm. 


157 
100 | 
90 
60 | 
70 | 
ig. 4 
40 | 
= | 
| 
10 
90 
70 
60 
Fig 5 
30 
2 
10 | 
180 : 
130}- 
120 
60+ 
50 
40 | 
| Fig. 6 
° | 
{OF | 
10 20 30 a sO 
TIME N MINUTES 


158 FRANKLIN F. SNYDER AND MORRIS ROSENFELD 


there were movements of regular rhythm at a rate which corresponded 
to that of fetuses observed directly through the uterine wall after laparot- 
omy. The rate varied among individuals, and was clearly not the 
result of movements of maternal respiration or heart beat. 

Carbon dioxide increase. Uf the maternal animal breathed a gas mix- 
ture containing 7} per cent carbon dioxide in oxygen there was a striking 
difference in the effect on the rate of respiration in the fetus from that 
seen in the mother. Instead of a marked increase in rate as observed in 
the maternal animal, the fetus showed little or no change. In fetuses in 
which the respiratory rate was below the maximum characteristic of the 
stage of pregnancy the administration of an increased amount of carbon 
dioxide was followed at times by attainment of the maximum rate. An 
increase of carbon dioxide consistently failed to stimulate respiration to a 
level in excess of the maximum rate which was characteristic of the age of 
the fetus (figs. 1,2,3,4, 5). In the majority of the fetuses there was no 


TABLE 1 
Effect on fetal respiratory movements of changes in blood gases 
NUMBER 
ESULT 
on RESULTS 
LITTERS oF 
OF FETUSES rosea Stimu- Depres- No 
RABBITS Py lation sion effect 
Carbon dioxide excess 18 78 24 be] 0 16 
Carbon dioxide deficit 3 9 30 13 0 13 0 
Oxygen deficit 10 53 15 0 15 0 


stimulation even though the fetal rate was much lower than maximal and 
therefore capable of revealing any stimulant action of carbon dioxide. 
Fetuses were not usually aroused from apnea by 73 per cent carbon 
dioxide. The results are summarized in table 1. The effect of carbon 
dioxide was the same whether administered in air or in oxygen. 

Carbon dioxide deficit. In order to reduce the carbon dioxide tension 
in the maternal blood, hyperventilation was carried out by forced artificial 
respiration at an increased rate and depth. Excessive ventilation was 
continued for several minutes until apnea of the mother ensued upon 
cessation of artificial respiration. The effect on the fetus was striking 
(table 1). The fetal rate diminished sharply within a minute or two 
(figs. 3, 4, 5). Apnea soon followed. The interval before appearance of 
apnea and duration of it were parallel to the extent of hyperventilation. 
After cessation of artificial ventilation the fetuses remained apneic for 
several minutes before respiratory movements returned. Return to the 
rate present before hyperventilation was gradual and the fetuses regained 
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their initial rate more slowly than the maternal animal. The same re- 
sults were noted after hyperventilation whether oxygen or air was used. 

In order to control other factors than carbon dioxide deficit, which 
might accompany hyperventilation, forced artificial respiration was car- 
ried out with a mixture of 5 per cent carbon dioxide in oxygen. In 6 
experiments in 2 rabbits with 10 fetuses, there was no evidence of depres- 
sion of fetal respiration. 

From the preceding observations it is evident that a certain level of 
carbon dioxide is essential for the maintenance of fetal respiration. An 
excess of carbon dioxide has little or no effeet upon fetal respiration, at 
least in a degree comparable to that seen in the mother. <A deficit of 
earbon dioxide results in depression or apnea of the fetus. 

Anoxemia. In the present experiments the maternal animal breathed 
a gas mixture of low oxygen content at the same time that the rate of 
respiratory movements of the fetuses in the uterus was counted. There 
Was opportunity to test by direct observation whether oxygen-want could 
initiate respiration in the fetus at full term. It was possible to observe 
the effect of anoxemia dissociated from complications such as parturition, 
anesthetic agents and mechanical stimulation. The results were clear 
cut. Anoxemia invariably depressed fetal respiration (table 1). The 
rate diminished under low oxygen and finally respiration ceased (figs. 1, 2, 
3, 5). In striking contrast, the respiration of the maternal animal was 
markedly stimulated by the oxygen deprivation which coincidentally 
caused apnea of the fetus. The failure of anoxemia to initiate respira- 
tion was clearly illustrated in certain fetuses of the litter which were 
apneic at the beginning of the experiment. In no instance were respira- 
tory movements stimulated in quiescent fetuses by oxygen-want. That 
these fetuses were capable of breathing was demonstrated by delivery 
into the air, whereupon normal respiration promptly set in. 

In most experiments 5 per cent carbon dioxide was added to the gas 
mixture of low oxygen content in order to prevent depletion of carbon 
dioxide which might have resulted from increased ventilation such as 
occurred in the maternal animal under the stimulus of anoxemia. By 
this means fetal apnea which followed anoxemia was clearly differentiated 
from apnea which resulted from carbon dioxide deficit as described in a 
preceding section. 

Depression of fetal respiration was evident within less than half a min- 
ute from the time of administration of a mixture containing 5 per cent 
oxygen and 5 per cent carbon dioxide in nitrogen. With low oxygen 
concentrations at various levels between 5 and 10 per cent, depression 
appeared but somewhat more slowly. No evidence of stimulation of 
rhythmical respiratory movements was noted at any level of anoxemia. 
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Recovery from apnea and gradual resumption of the initial rate occurred 
if the low oxygen mixture was removed within several minutes. The 
longer anoxemia was continued, the greater the incidence of fetal injury 
and death. 

In experiments which further illustrate the depressant effect of anoxe- 
mia, rabbits at term were sacrificed by a blow on the head and the uteri 
were quickly extirpated. The fetuses within the excised but unopened 
uterus gave no evidence of stimulation of rhythmical respiration, although 
occasional movements of the fetal body and irregular gasps were noted. 
In another type of experiment following laparotomy in the saline bath and 
complete removal from the uterus of the placenta and unopened chorionic 
sac containing the fetus there was likewise no stimulation of rhythmical 
respiratory movements. 

The effect of obstruction of the umbilical cord circulation was observed 
in fetuses showing regular respiratory movements in the saline bath fol- 
lowing delivery through an incision of the uterus. Partial obstruction of 
the circulation was quickly followed by depression. Complete obstruc- 
tion abolished respiratory movements. In apneic fetuses, sudden clamp- 
ing of the cord may or may not be followed by several irregular gasps. 
If the fetal head is lifted from the bath into the air before the cord is 
clamped, gasps may result in establishment of pulmonary ventilation 
and coincidentally a rapid acceleration of respiratory movements. 

Anesthesia. Early in the experiments it was recognized that general 
anesthetics profoundly influenced fetal respiratory movements. In the 
first attempts to observe full-term fetuses in the intact uterus we obtained 
in anesthetized animals confirmation of the finding of previous observers 
that prolonged apnea was characteristic of the fetus before birth. In 
rabbits in which surgical anesthesia was obtained by means of pento- 
barbital sodium, and the uterus was exposed in the saline bath, it was 
uniformly found that the full-term fetuses were in a state of apnea. How- 
ever, suspicion. was aroused that narcosis masked the true physiological 
activity of the respiratory system of the fetus. In animals in which ether 
was used for anesthesia, it was noted that apnea was interrupted by 
spontaneous respiratory movements of the fetuses at times when the 
depth of anesthesia was minimal. 

We next tried other anesthetics of the inhalation and non-volatile 
groups, e.g., nitrous oxide, divinyl-ether, paraldehyde, phenobarbital, 
chloral hydrate in an effort to obtain an animal under standardized condi- 
tions in which fetal respiratory movements were regularly present. None 
of these substances proved satisfactory. In order to eliminate general 
anesthesia, section of the spinal cord was used. 

In animals prepared in this way, a method was provided for quantita- 
tive measurement of the depressant effect of anesthetics in terms of the 
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effect upon the rate of fetal breathing. A finding of great significance is 
the extreme sensitivity of the fetus to the depressant effect of the ordinary 
anesthetics. For instance, intravenous injection into the mother of 
pentobarbital sodium (10-20 mgm. per kgm.) in amount which was 
insufficient to produce anesthesia or perceptibly alter respiration or 
reflexes of the maternal animal, nevertheless, in the fetus resulted in 
immediate depression or abolition of respiratory movements (fig. 6). 


After delivery, the depressant effect was still clearly evident in the new- 
born. Respiratory movements set in at birth, but at a rate less than 
normal. The least depressant anesthetic which we have tried is cyclo- 
propane administered with oxygen. Deep surgical anesthesia was main- 
tained with this anesthetic for a half hour during which time there was 
little or no depression of fetal respiratory movements. 

Inhibition of labor. The inhibition of labor which followed the adminis- 
tration of a single injection of Antuitrin-S a week before term provided 
opportunity to observe full term and postmature fetuses in the uterine 
environment. Fetal rabbits corresponding in development to newborn 
of 1, 2 or 3 days were studied in the identical environment of the pre- 
mature and term fetus, i.e., within the uterus. It was thus possible to 
make direct comparison of the respiratory behavior of newborn with rab- 
bits at stages of development hitherto inaccessible to study. 

In experiments with rabbits before term, i.e., at 29 or 30 days non- 
injected animals were used as well as those which had received 1 cc. of 
Antuitrin-S at 25 days. It was found by comparison that the uterus of 
non-injected animals when exposed in the bath was less favorable for 
observation of fetal respiration than that of injected ones. The quies- 
cence and relaxation of the uterus which characterized the animals in 
which a new set of corpora lutea had been induced permitted uninter- 
rupted observations of fetal respiratory movements of regular rhythm. 
In the non-injected animals even if labor did not intervene, the uterine 
motility was much increased, and was attended by wide variations in rate 
of fetal respiratory movements. In non-injected rabbits, despite the occur- 
rence of active respiratory movements, the frequent fluctuations in rate 
prevented the attainment of a reliable basis for the comparison of factors 
influencing fetal respiration. 

Fetal respiration in other species. Observations were extended to other 
species including cats and guinea pigs. In both species rhythmical 
respiratory movements of fetuses within the uterus were readily demon- 
strated. The conditions of experiment were less favorable than in the 
series of rabbits, since hormonal control of labor could not be employed 
in these species, and the stage of pregnancy was not dated by mating in 
the laboratory but was estimated from examination of the fetuses. Four 
litters of cats with 15 fetuses were near term, while the rest were at earlier 
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stages. About half of the animals were studied in the beginning of the 
experiments when ether anesthesia was employed. Apnea was present 
but was interrupted at times by respiratory movements, when anesthesia 
was light. In later experiments in which the spinal cord was sectioned 
instead of using ether, rhythmical respiration of the fetus within the 
uterus Was seen in animals near term. 

The occurrence of fetal respiration was also confirmed in three litters of 
guinea pigs. Inspection of the unopened abdomen gave evidence of 
fetal respiratory movements. Confirmation was obtained by exposure 
of the uterus at laparotomy, following section of the spinal cord. In a 
litter at a stage of prematurity which contained 4 fetuses averaging 35 
grams in weight and 75 mm. crownrump length, i.e., about the 52nd day 
of pregnancy (Draper, 1920), regular respiratory movements were noted 
in fetuses within the uterus as well as in the extrauterine environment of 
the saline bath. In another litter long before the stage of viability in 
which there were 4 fetuses which averaged 7.5 grams in weight and 50 
mm. in crownrump length, i.e., about the 38th day of pregnancy, irregular 
respiratory movements were noted within the uterus. When the fetuses 
were delivered into the bath, leaving the cord circulation unimpaired, 
rhythmical respiratory excursions occurred at a rate of 32 per minute. 
Intrauterine respiratory movements were also found in fetuses of a litter 
near term, the uterus being exposed under cyclopropane anesthesia. 

In view of our experience in tracing the origin of certain rhythmical 
movements of the abdominal wall to the respiratory activity of the fetus, 
observations were extended to the human. In six women near term 
rhythmical fetal movements were clearly seen for periods of 5 to 10 min- 
utes, occurring at a regular rate of 50 to 60 per minute. The essential 
characteristics of the movements corresponded to the accurate descrip- 
tion given by Weber (1888). In two women the fetal respiratory move- 
ments were satisfactorily reproduced in a motion picture record. 

Discussion.. With recognition of the activity of the fetal respiratory 
system, the old problem of the cause of the first breath of the newborn 
appears in a new light. Respiratory movements are not initiated at 
birth (Ahlfeld, 1905; Wislocki, 1920). The genesis of respiratory activity 
extends far back into embryonic life (Barcroft and Barron, 1936). Post- 
natal respiratory movements represent a continuation of intrauterine 
activity in contrast to the current view (Howell, 1936) that at birth there 
is an abrupt transition ‘vom a state of apnea. 

The nature of fetal apnea has long been the center of curiosity in the 
investigation of the origin of respiratory activity (Preyer, 1885; Runge, 
1905). In the present experiments we had the opportunity to trace the 
development of the apneic state, starting with fetuses which showed 
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active respiration. Three main types of fetal apnea were distinguished, 
namely, anoxemic, acapnic and anesthetic. 

Under the standardized conditions adopted in our experiments the rate 
of respiration remained at a constant level for many hours. This uni- 
formity permitted accurate evaluation of changes of rate which were 
induced by experimental procedures. The rdle of oxygen and carbon 
dioxide in the regulation of fetal respiration was revealed in a new light. 

With decrease of oxygen supply the response of the fetus was in strik- 
ing contrast to that of the adult animal. At a level of anoxemia which 
stimulated maternal respiration fetal respiration was depressed or abol- 
ished. There was no evidence that anoxemia could initiate regular 
respiration in apneic fetuses within the uterus, whether of full term, or 
of premature or postmature development. 

It will be noted that the fetus bears a striking resemblance to an adult 
animal lacking a functional carotid body mechanism. Both in the 
denervated adult (Wright, 1936) and in the fetus there is absence of stimu- 
lation and accentuation of respiratory depression following anoxemia. 

The response of the fetus to increase of carbon dioxide was much less 
pronounced than that of the adult. At a level of carbon dioxide which 
greatly stimulated the maternal respiration fetal respiration was not 
increased beyond normal limits. The slowing of fetal respiration to the 
point of apnea following depletion of carbon dioxide by hyperventilation 
of the mother established the fact that normal fetal respiration is not 
maintained below a certain minimal tension of carbon dioxide. 

The physiological resemblance of fetal respiration to normal adult 
breathing is revealed by the rdle of carbon dioxide in the control of the 
fetal respiratory center. In comparing the chemical regulation of breath- 
ing of the fetus with that of the adult it is evident that the fetal center 
is less sensitive to excess carbon dioxide than that of the adult, although 
its response to carbon dioxide depletion shows that it is qualitatively simi- 
lar to the adult. 

One may note that the morphological differentiation of the fetus is 
marked by functional changes of respiration. The older the fetus be- 
comes, the more rapid is its respiratory rate. In the rabbit birth is 
marked by abrupt acceleration to a rate which is far in excess of the 
intrauterine value. For instance, the newborn at full term, i.e., 32 days, 
breathes at a rate several times more rapid than che intrauterine fetus 
even though the latter is 35 days old, i.e., 3 days postmature. 

In attempting to account for the variations in respiratory activity in 
various litters and in different fetuses of the same litter, the importance 
of anoxemia stands out most prominently. In our experiments the 
anesthetic factor was eliminated entirely, and the acapnic factor was 
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recognized and controlled by administration of excess carbon dioxide. 
This leaves the rdle of anoxemia to be considered. In this connection the 
relation between the state of contraction of the uterine muscle and the 
oxygen supply of the fetus is to be borne in mind (Anrep, 1936). In- 
creased uterine contractility, and hence impairment of the circulation, 
results in depression of fetal respiratory movements. From this view- 
point it is not difficult to understand the regularity of fetal respiratory 
movements in the quiescent uterus under hormonal inhibition in contrast 
to the irregularity found in the litter of uninjected animals near term. 
The finding that multiparous animals are more favorable for this study 
than nulliparous ones, also points to significance of uterine relaxation. 
The occurrence of apnea in one fetus while an adjacent one in the same 
uterine horn shows active respiratory movements may be related to the 
changes in oxygen supply which accompany inequalities in the distribution 
of blood throughout the long tubular uterus of the rabbit. The prompt 
stimulation of respiratory movements in previously apneic fetuses, which 
follows the escape into the saline bath through an incision of the uterus, 
leaving the cord circulation unimpaired, may also be related to oxygen 
supply, in this case an increase. Finally, at birth when increase of respira- 
tory movements is most striking, it is significant that the postnatal 
hypernea coincides with the acquisition of a new source of oxygen supply 
obtained directly by pulmonary ventilation instead of indirectly by way 
of placental exchange. There are other factors of course to be con- 
sidered in the respiratory acceleration at birth, including the introduction 
of gas instead of fluid into the respiratory tract, the increase of peripheral 
stimuli in the new environment and the alteration of the systemic circula- 
tion of the newborn. 

In previous work two chief difficulties are evident. In the first place, 
the direct observation under physiological conditions of a fetus in the in- 
tact uterus and of the same stage of development as the newborn has 
not been accomplished. Secondly, that the fetus has a special physiology 
has not been fully recognized. While old concepts of carbon dioxide 
excess and oxygen want as stimulants of respiration failed to find experi- 
mental support in the case of the fetus (Eastman, Geiling and DeLawder, 
1933; Barcroft, 1936), the conditions surrounding observations of the 
fetus in the intact uterus were so far from physiological that the negative 
results were not appreciated. 

Recognition of the peculiar sensitivity of the fetus to narcosis aids 
greatly in clarification of the findings of many earlier investigations. In 
the years after the introduction of anesthesia, direct observation of fetuses 
in the intact uterus could be made for long periods. It was regularly 
found that the fetuses were in a state of prolonged apnea. In the attempt 
to discover the cause of initiation of respiration various stimuli were 
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tried. Interruption of apnea by brief periods of respiratory activity had 
been noted, but the failure to find evidence of spontaneous fetal respira- 
tion, such as Ahlfeld had described in the human, resulted in the conelu- 
sion that respiration first begins in the newborn. 

It is evident that the conclusions of previous investigations in which 
the cause of the first respiration was sought at birth are not easily brought 
into agreement with the results of our experiments (Corey, 1932; Bar- 
croft, 1936). The clue to the disagreement lies in the conditions under 
which observations were carried out. In animals prepared by our method, 
respiration is revealed during fetal life. In contrast, in animals otherwise 
prepared, the fetus is usually in a state of apnea. While the interruption 
of fetal apnea by the first respiration appears at first to be a problem 
of normal physiology, it turns out in the end to be a matter of experi- 
mental technique. 

CONCLUSIONS 


1. The first respiration is not initiated at birth. Fetuses of the rabbit, 
‘at, guinea pig and human show rhythmical respiratory movements within 
the uterus, instead of a state of prolonged apnea. 

2. Experimental egnditions essential for direct observation of intra- 
uterine breathing for many hours involve the hormonal inhibition of labor 
and the elimination of anesthetics. 


3. Regulation of fetal respiration depends upon the oxygen and carbon 
dioxide level of fetal blood, but differs in certain respects from that of 
the adult. 


a. Oxygen want depresses or abolishes fetal respiratory movements. 

b. Carbon dioxide deficit results in depression or apnea of the fetus 
showing that a certain level of carbon dioxide is essential for the main- 
tenance of fetal respiration. 

c. An excess of carbon dioxide has little or no effect. 

4. The depressant action of anoxemia is evidence that carotid body 
mechanism is not functioning in the rabbit fetus before birth. 

5. The rate of respiration of a fetus varies according to the stage of 
development, being several times more rapid in postmature fetuses than 
in premature ones. 

6. The fetal respiratory system is peculiarly sensitive to narcosis. 
Respiratory movements may be abolished in the fetus at a level of anal- 
gesia which does not impair maternal respiuation. 

7. Prolongation of pregnancy by the inhibition of labor made possible 
the comparison of the fetus in the intrauterine environment with the new- 
born of 1, 2 or 3 days, both being at an identical stage of development. 
The quiescence and relaxation of the uterus under hormonal influence 
favored continuation of respiratory activity without interruption by 
circulatory disturbance. 
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That epinephrine produces only slight or no glycosuria in well-fed as 
well as in fasting hypophysectomized dogs was first stated by Aschner 
in 1912 (1). Since then a number of investigators have found that 
subcutaneous administration of epinephrine does not cause so great a 
rise in blood sugar in hypophysectomized dogs, rabbits or toads as it 
does in normal animals (2, 5, 6, 10, 13, 14, 15) supposedly because the 
liver is less responsive to the glycogenolytic action of epinephrine in the 
absence of the hypophysis (10, 14, 20). The changes in blood lactate 
(5, 15) and inorganic phosphate (5) caused by subcutaneous epinephrine 
administration were found to be diminished after hypophysectomy and 
it has been suggested that this alteration in the action of epinephrine may 
be due to a decreased glycogenolysis in muscle. Bachman and Toby 
(2), on the basis of some muscle glycogen determinations in rabbits, also 
assumed that the responsiveness of muscle glycogen to epinephrine may be 
diminished after hypophysectomy. 

In the following instances epinephrine was given intravenously. Braier 
(4) found that with this mode of application epinephrine produced identi- 
eal effects on the blood sugar levels of normal and hypophysectomized 
dogs when they were fasted 18 hours. Marks (15) noted that the changes 
in muscle glycogen due to intravenous injection of epinephrine were 
about the same in a small series of normal and hypophysectomized cats. 
However, Fluch, Greiner and Loewi (12) found diminished glycogenolysis 
in perfused livers of frogs from which the pars posterior had been removed. 
The authors state that these frogs developed no atrophy of the adrenal 
cortex. Since hypophysectomized mammals (as well as hypophysec- 
tomized amphibia (18)) develop atrophy of the adrenal cortex these 
experiments apparently deal with animals in which the internal secretion 
of that part of the pituitary which is equivalent to the anterior lobe in 
mammals had not been abolished. 

The claim made by several workers, that removal of the hypophysis 
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diminishes or even abolishes the glycogenolytic action of epinephrine is 
founded on experiments in which epinephrine was administered subcu- 
taneously. It seemed possible that the rate of absorption of epinephrine 
from the subcutaneous tissues of hypophysectomized animals might be 
diminished. This was tested by making a comparison of the effects of 
subcutaneous and intravenous epinephrine injections. 

EXPERIMENTAL. All the animals used were young male rats weighing 
from 150 to 200 grams, and, when hypophysectomized, used from 10 days 
to 4 months after the operation. The glycogen determinations were made 
by the cold KOH method (7). The non-fermentable reducing substances 
were removed from the urine samples (19). Sugar was determined with 
the Shaffer-Somogyi copper reagent containing 1 or 5 grams KI. For 
hexosemonophosphate the method of Cori and Cori was used. 

The intravenous infusions were made either with the injection pump 
described by Cori, Fisher and Cori (8) or with the Burn-Dale burette. 
Catheter tubing was used to connect the syringe or burette with the 
injection needle. In all cases in which epinephrine was infused, gluta- 
thione was added (2 mgm. per 10 cc. of infusion fluid) to prevent inactiva- 
tion of the epinephrine in vitro. Two and one-fifth to 3 ec. were injected 
per hour in all cases. Glucose was administered in a 12 to 15 per cent 
solution, the exact amount infused being determined by analysis of sam- 
ples delivered by the infusion device. 

The usual procedure in the infusion experiments was as follows: The 
rat was anesthetized with amytal or nembutal injected intraperitoneally 
and was kept anesthetized, but not too deeply, during the rest of the 
experiment by additional small doses of the anesthetic as required. In 
some experiments blood (0.2 cc.) was drawn from the jugular vein; in ° 
others one gastrocnemius was removed for analysis. Hemorrhage was 
easily controlled by applying hemostats. The femoral vein was exposed 
(on the side on which the muscle had been excised), the needle (size no. 
25) from the,infusion apparatus was inserted and arranged to stay in 
place without ligatures, and the infusion was started. Rectal tempera- 
tures were taken at intervals during the experiments and maintained 
between 37 and 38°C. by supplying heat with an electric bulb. If the 
respiration was markedly slowed during the infusion, the experiment was 
discarded. At the end, additional anesthetic was given if necessary, 
the other gastrocnemius removed for analysis, a blood sample taken 
from the vena cava, and the liver removed for glycogen determination. 
If glucose had been infused, the bladder was emptied as completely as 
possible by gentle pressure from inside the abdominal cavity, and the 
urine excreted throughout the experiment was analyzed for glucose. 

In experiments in which epinephrine was given subcutaneously, all 
details were identical except for the actual administration of the epineph- 


TABLE 1 


Effect of epinephrine on blood sugar and muscle glycogen of normal and 


hypophysectomized rats 


The experiment lasted 1 hour. The animals were not fasted, except as noted 


Normal. . 
Hypophysectomized 
Hypophysectomized* 
Hypophysectomized* 


BLOOD SUGAR IN MGM 


PER CENT 


Before | After 


A. No epinephrine 


114 103 
140 128 
139 123 
137 136 


Incompletely hypophysectomized. ......! 113 
Incompletely hypophysectomized. ......| 72 


Normal 
Normal.... 
Normal 
Normal.... 
Normal . 


Hypophysectomized 
Hypophysectomized 
Hypophysectomized 
Hypophysectomized . 


Hypophysectomized .. 


108 | 340 
115 | 232 
160 

96 | 135 
113 | 167 


Incompletely hypophysectomizedt . 85 157 


110 
125 
126 
111 
116 


Differ- 
ence 


—10 


B. 0.02 mgm. epinephrine per 100 grams subcutaneously 


+232 
+117 


+39 
+54 
+72 
+103 
+24 
+63 
+30 
+23 
+36 


+38 


MUSCLE GLYCOGEN IN MGM, 
PER CENT 


Differ- 


ence 


Before After 


768 
553 
580 
703 
604 
545 


626 


743 590 
498 360 
594 373 
482 326 
548 295 
577 106 
574 392 
654 637 
586 190) 
603 560 
712 636 
630 584 


637 581 


C. 0.0025 mgm. epinephrine per 100 grams per hour intravenously 


Normal 
Normal 
Normal 
Normal 
Normal 


Hypophysectomized 


Hypophysectomized. ... 
Hypophysectomized. .. 


Hypophysectomized 


Hypophysectomized. . 


110 | 216 
191 
178 


198 
250 | 
162 


138 | 231 | +93 | 


+106 


+43 | 


+36 
+97 


+40 | 
+133 | 


+47 


+78 | 619 


484 330 
536 396 
495 | 395 
567 | 437 
674 515 
668 | 

641 

550 

563 


* Saline infusion. 
t Fasted 18 hours. 


RAT 
| 
—l1 777 +9 
—12 521 32 
; —16 591 +11 
556 +1] 
620 6 
153 
—138 
‘ —221 
— 156 
; | 253 
—182 
134 17 
188 96 
156 —43 
; 134 76 
152 46 
—56 
«6725 | «+620 105 
595 | 447 | —148 
—154 
108 205 | —140 
124 | 184 | +60 100 
+68 
117 —176 
388 || —165 
461 158 
169 
’ 
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TABLE 2 


CORI 


Effect of epinephrine on muscle hexosemonophosphate of normal and hypophysectomized 


SUBCUTANEOUS 
EPINEPHRINE, 


MGM. PER 100 


GRAMS 


0.02* 
0.02 
0.02 
0.04 


0.02 
0.02 
0.02 


Hexose 


46 


53 
33 


INTRAVENOUS 

EPINEPHRINE, 

MGM. PER 100 
GRAMS PER HOUR 


0.014 
0.007 
0.006 
0.006 
0.004 
0.003 


OO66 


008 
007 
006 
003 


006 


PHOSPHATE, 


rats 


The animals were not fasted 


KEFORE INJECTION HEXOSEMONO 
MGM. PER CENT 


P found P cale. Hexose 
Normal 
7 S4 
H 6 62 
9 7 78 
7 S 102 
7 83 
Hypophysectomized 
} 5 42 
7 9 68 
} 6 50 
5 7 53 
Normal 
9 10 101 
6 7 116 
8 9 8S 
7 86 
7 7 124 
7 9 &3 
7 8 100 
Hypophysectomized 
5 8 119 
7 10 124 
S 1] 134 
7 9 122 
8 9 125 


* Incompletely hypophysectomized. 


P found 


14 
18 


1 HOUR AFTER INJECTION HEXOSE- 


MONOPHOSPHATE, MGM. PER CENT 


P ecale. 


BLOOD 
SUGAR, MGM. 
PER CENT 


111 


93 


213 
220 
' 301 


995 


225 
169 
184 


218 


166 
250 


997 


228 


218 


rine; it was injected in a volume of approximately 0.2 cc. immediately 
after the first muscle sample was removed or the glucose infusion was 
In control experiments, either nothing was administered, or as 


started. 


indicated in table 1, section A, a blank infusion was performed. 


|| 
— 
— 
38 15 222 
34 7 ll 227 
$2 | 13 179 
|_| 17 245 
10) 14 218 
31 7 7 98 
| « 12 |__| 
7 9 71 
10) 8 9 
57 15 17 
42 22 20 
49 15 
4] 14 15 
43 19 21 
52 15 14 
0 58 20) 21 
65 is 23 | 
0 51 20) 21 || 
55 19 21 || 
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Once the liver glycogen is depleted in hypophysectomized rats (which 
is usually the case during the early part of the fast), rapid changes may 
occur in the muscle glycogen levels and so prevent an accurate compari- 
son of the effects of the epinephrine in the control and hypophysectomized 
animals. For this reason the animals used in the experiments in table 1 
were not fasted prior to the experiment. Since usually a small drop in 
blood sugar occurred in control experiments (see table 1, section A), 
it was not considered that absorption from the intestine influenced the 
results to an appreciable extent. In the experiments on glucose tolerance 
(table 3), the aim was to have approximately equal glycogen levels in the 
two groups of animals. Taking into account the difference in the rate of 
disappearance of glycogen (11), the hypophysectomized rats were fasted 
for 10 and the normal animals for 20 hours prior to the experiment. 

Effects of epinephrine on muscle glycogen and hexosemonophosphate. As 
shown in section B, table 1, the changes in muscle glycogen due to epi- 
nephrine were much less in the hypophysectomized rats than in the nor- 
mal when it was given subcutaneously; but when it was given intrave- 
nously (section C, table 1), the effects were, if anything, somewhat more 
marked in the hypophysectomized series. It can be concluded therefore 
that in these experiments the absence of the pituitary did not diminish 
the response of muscle glycogen to epinephrine. 

While glycogen disappears from muscle during epinephrine action, 
hexosemonophosphate accumulates (9). Table 2 shows that this accumu- 
lation occurred in the absence of the pituitary, provided the epinephrine 
was administered intravenously. After subcutaneous application of 
epinephrine hypophysectomized rats showed, concomitant with small 
changes of muscle glycogen, only a slight rise in hexosemonophosphate. 

Effect of epinephrine on blood sugar, The averages in tables 1 and 2 
show that the rise in blood sugar is less in the hypophysectomized rats 
when the epinephrine is given subcutaneously, while it is practically the 
same as in the normal rats when the epinephrine is infused intravenously. 

One of the factors which may influence the hyperglycemic action of 


epinephrine is the liver glycogen level; for while that level can vary 


within a wide range without exerting much effect, when it is very low the 
hyperglycemic effect of epinephrine is necessarily much reduced. In 
hypophysectomized rats fasted for short periods such as 8 hours, the liver 
glycogen has almost disappeared (17) and such animals are therefore 
not suited for a study of the effect of epinephrine on blood sugar. Since 
very low liver glycogen levels are also found in other species of hypophy- 
sectomized animals, when they are fasted, this factor must be known 
accurately before the results of epinephrine administration can be inter- 
preted. In the present experiments the liver glycogen level probably did 
not appreciably influence the results, for though it varied considerably 
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because the animals were not fasted, it was almost always relatively 
high. The average values for liver glycogen at the end of the experi- 
ments in table 1 were for section B, normal 1.24, hypophysectomized 
1.24; for section C normal 1.70 per cent, hypophysectomized 0.47 per cent. 

Effect of epinephrine on glucose tolerance. In table 3, 176 mgm. of glu- 
cose per 100 grams per hour were given to the hypophysectomized and 226 
to the normal animals, the infusions lasting 2 hours. The resulting blood 
sugar curve showed a greater rise in the former than in the latter animals. 
Che reduction of approximately 30 per cent in carbohydrate uptake indi- 


TABLE 3 
Effect of epinephrine on the intravenous glucose tolerance of normal and 
hypophysectomized rats 


The infusions lasted 2 hours in each case 


| § | 2 | 
22 8) 8 2 | 4 | 
No epinephrine: 
Normal. . . aad oe 226 8 | 97 | 265 | 347 | 169 | 
Hypophysectomized. ... 5 176 0 | 63 | 321 | 384 | 227 
Subcutaneous epinephrine, 0.02 
mgm. per 100 grams: 
Normal ra ae 4 222 108 | 77 | 376 | 542 | 432 | 195 
Hypophysectomized ee 5 173 + 75 | 349 | 493 | 346 109 
Intravenous epinephrine, 0.001 
mgm. per 100 grams per hour: 
Norma! 225 36 | 83 | 369 | 500 | 292 | 153 
Hypophysectomized...........) 4 174 12 | 84 356 | 568 | 422 |) 164 
Intravenous epinephrine, 0.005 
mgm. per 100 grams per hour: 
Normal 3 | 223 120 | 88 | 440 | 582 | 416 | 235 
Hypophysectomized........... 3 172 34 | 81 | 468 | 734 | 540 | 350 


* Difference in blood sugar values for 2 hour period, f.i., 542 — 347 = 195. 


cated by this comparison is probably due, in part at least, to the depres- 
sion (usually 30 to 40 per cent) in the metabolic rate of the hypophysec- 
tomized animals (11). 

The increase in the blood sugar levels after subcutaneous administration 
of epinephrine was greater in the normal than in the hypophysectomized 
rats (see last column, table 3). However, when the epinephrine was given 
intravenously with the glucose, the resulting blood sugar levels were 
higher in the operated than in the normal rats. 

The excretion of sugar in the urine did not prove to be a good index 


1 These experiments were performed in collaboration with Dr. R. EF. Fisher. 
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of the magnitude of epinephrine action, because the hypophysectomized 


rats, owing to some disturbance in kidney function, excreted only } to 


3's as much sugar as did the normal rats. Consequently, the blood sugar 
curve would have been lower in the hypophysectomized rats given epi- 
nephrine subcutaneously, had the excretion of sugar in the urine not lagged 
so far behind, and conversely the blood sugar curve with intravenous 
injection of epinephrine would not have reached such high values had the 
kidney function not been deficient. The nature of the disturbance in 
sugar excretion in hypophysectomized animals remains obscure at the 
present time. The fact remains, however, that subcutaneously admin- 
istered epinephrine produced less effect on glucose tolerance in the hypo- 
physectomized than in the normal animal, while there was no marked 
difference with intravenous administration. 

The averages for liver glycogen at the end of the glucose infusion (with- 
out injection of epinephrine) were 1.80 for the normal and 0.71 per cent 
for the hypophysectomized, which indicates a deficiency in the formation 
of liver glycogen in the latter animals, an observation which has been 
recorded previously by Phillips and Robb (16) and by Bennett (3). After 
subcutaneous injection of epinephrine plus glucose, the average liver 
glycogen was 2.13 grams in the normal and 1.02 per cent in the hypo- 
physectomized animals, and similar values were found in the two series 
with intravenous injection of epinephrine. 

Discussion. In the experiments presented above, the effects of an 
intravenous epinephrine injection on muscle glycogen and hexosemono- 
phosphate, blood sugar and glucose utilization were practically the same 
in normal and hypophysectomized rats. The differences in the reaction 
of the two types of animals to subcutaneously injected epinephrine are 
therefore attributed to a decreased rate of absorption of the epinephrine 
from the subcutaneous tissues of the hypophysectomized rat. It seems 
probable that the low blood pressure and poor circulation through the skin 
and possibly also the low metabolic rate of these animals are responsible 
for this phenomenon. 

These results suggest that in other species as well, the rate of subcu- 
taneous absorption may be important in determining the effects of epi- 
nephrine in the absence of the hypophysis. An interpretation of such 
effects can hardly be made unless account is taken of the absorption 
factor. 


SUMMARY 


1. The effect of epinephrine on muscle glycogen, hexosemonophosphate, 
blood sugar and intravenous glucose tolerance of anesthetized normal 
and hypophysectomized rats was determined. When the epinephrine was 
given subcutaneously, all of these effects were less in the hypophysec- 
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tomized than in the normal rats; but when the epinephrine was given ina 
slow intravenous infusion, the effects in the hypophysectomized animals 
were equal to those in the normal ones. The differences in the reaction 
of the normal and hypophysectomized rats to the subcutaneous injection 
of epinephrine are therefore attributed to a diminished rate of absorption 
of the epinephrine from the subcutaneous tissues in the absence of the 
hypophysis. 

2. The hypophysectomized rats showed a lower tolerance for intraven- 
ously administered glucose than did the normal ones, the reduction being 
of about the same order of magnitude as the decrease in metabolic rate. 

3. The hypophysectomized rats exhibited an abnormally high renal 
threshold for glucose, and whether epinephrine was given or not, excreted 
less glucose than did the normal rats. 
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Nussbaum’s classical experiments (1) purported to show that the 
tubules of a frog’s kidney, in which glomerular circulation had been 
abolished by ligation of the renal arteries, possessed the capacity of 
transferring dissolved substances (dyes) from the blood into the lumen 
of the tubule and of responding to the presence of urea in the blood by 


excretion of significant amounts of urine into the bladder. They provided 
the most convincing support then available of the hypothesis that the 
epithelium of the renal tubule secretes urine. Subsequent work has 


established the validity of the observation that substances may gain 
aceess to the urine through the tubule wall: decisive confirmation or 
refutation of the second aspect of Nussbaum’s work, viz., the elimination 
of urine by the frog’s kidney in the absence of glomerular function, has 
not, in our opinion, been supplied. It is this item of the subjeet with 
which this paper deals. 


Adami (2) repeated Nussbaum’s experiments using a dorsal rather than a ventral 
approach to the kidney and concluded that glomerular circulation was stopped 
only for a time by arterial ligation, a collateral supply to the glomeruli then being 
established. Beddard (3) showed that Adami’s method did not permit the destruc- 
tion of all arteries reaching the kidneys: Bainbridge and Beddard (4) duplicated 
Nussbaum’s results; they found however that it was necessary to keep their animals 
in an oxygen atmosphere to prevent degeneration of the tubular epithelium. As 
proof that glomerular circulation had been completely stopped they stressed the 
observations that the glomeruli became plugged with blood clots which were not 
washed out by subsequent saline perfusion, and that dye solutions injected into the 
aorta failed to reach any glomeruli. Bieter and Hirschfelder (5) ligated the arteries 
to parts of the kidney, saw that glomerular circulation stopped, later to be reéstab- 
lished through (undescribed) collaterals; they expressed the thought that this must 
have occurred in Nussbaum’s experiments. They later (6) found that after ligation 
of all visible renal arteries to one kidney a few arterioles in the lower half still 
showed pulsating flow: and after ligation of the renal portal vein a pulsating stream 
near the point of ligature was seen in it. Tamura et al. (7) ligated the renal arteries 


1 The expenses of this work were defrayed in large part by a grant from The 
Commonwealth Fund. 
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of the Japanese frog, Rana nigro-maculata, and found that no urine was produced. 
However their animals were kept under urethane narcosis throughout the experi- 
ment and were observed no longer than five hours. Bainbridge and Beddard had 
found that no urine was produced the first day after the operation, and urethane is 
known to depress the circulation. In the Japanese toad Tamura and his co-workers 
(8) ligated all but one of the arteries of one kidney, but the experiments were not 
designed to show whether or not urine was formed by the tubules without func- 
tioning glomeruli. Bensley and Steen (9) ligated some of the frog’s renal arteries 
and reported that the circulation in the corresponding glomeruli was effectually 
stopped. They confirmed Nussbaum’s observation of secretion of injected dye by 
the epithelium of the second section of the tubule butetheir description does not 
indicate that fluid was eliminated from the kidney after abolition of its glomerular 
circulation. Gerard and Cordier (10) noted the reéstablishment of glomerular 
circulation following arterial ligation in the toad, but this did not occur in less than 
ten days after the operation. They found no injury of the tubular epithelium. 
Recently Adolph (11) has shown that under conditions of asphyxia glomerular 
circulation is completely arrested in the frog and complete anuria occurs. Although 
he refers to this as the ‘‘Nussbaum experiment performed without surgical inter- 
vention,’’ lack of oxygen might be expected to suppress completely all secretory 
activity of the tubular epithelium. 

Some evidence has also accumulated which indicates that blood can reach the 
glomeruli via the renal portal system. Richards and Walker (12) showed that during 
double perfusion the renal portal perfusion fluid reached many glomeruli although 
its pressure was only a fraction of the aortic: and Bieter and Hirschfelder (6) saw 
pulsating blood flow in the renal portal vein after it had been ligated. They did 
not determine its source. 


It will be noted that the only exact repetition of Nussbaum’s experiment 
resulted in complete confirmation (Bainbridge and Beddard). On the 
other hand, fragmentary evidence obtained by different methods indicates 
that urine is not excreted when there is no glomerular function. In 
1926 Cushny (13) wrote “The secretion under urea is generally regarded 
as proving definitely that urea is normally secreted by the tubules, and 
as offering almost conclusive evidence in favor of Heidenhain’s view of 
renal secretion.” 

In the present work scrupulous effort has been made to reproduce the 
conditions of Nussbaum’s experiment in American frogs in the hope that 
his results, if duplicated, could be subjected to further critical study. 
The results have convinced us that the elimination of urine from the 
kidney in Nussbaum’s experiments was the result of glomerular function, 
not of tubular activity. 

MATERIAL AND METHODS. Male specimens of the American bullfrog, 
Rana catesbiana, were used for the most part. The operative method of 
Nussbaum was carefully followed in all details, except that ether anes- 
thesia and the electrocautery were used in the operation. After the first 
experiment, it was found necessary to use a precaution suggested by 
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Bainbridge and Beddard, i.e., destruction of small arteries reaching the 
anterior pole of the kidney from the coeliaco-mesenteric artery and from 
the angle between this and the aorta. In the final experiments additional 
ligatures were applied, as is described below. In some experiments the 
animals were kept in an oxygen atmosphere following the operation. 

The details of the operation were as follows: After the animal was 
etherized, the bladder was emptied by catheter. A longitudinal skin 
incision was made in the mid-ventral line of the abdomen, the abdominal 
vein doubly ligated and divided, and the incision continued toward the 
groin on each side. The bladder was examined to make certain it had 
been emptied, and a ligature was placed around the rectum as far pos- 
terior as possible. The organs were displaced, and the peritoneum torn 
between the lateral border of the kidney and the body wall. The dorso- 
lumbar branch of the renal portal vein was then doubly ligated and 
divided, and the kidney lifted to expose the renal arteries, which were 
then ligated. The procedure was repeated on the other side so that 
no arteries should be missed. A cannula for subsequent intravenous in- 
jections was inserted into the anterior abdominal vein and the wound 
closed with the cannula projecting from it. After again catheterizing 
the bladder a purse-string ligature, previously passed around the cloaca, 
was tied securely. The animal then received an intravenous injection of 
4 cc. of a 10 per cent solution of urea in 0.65 per cent NaCl and was placed 
in water in an air or an oxygen atmosphere. Recovery from ether oc- 
curred in a few minutes. At intervals the frog was lightly etherized, the 
cloacal ligature loosened, a catheter introduced into the bladder to collect 
any urine which had formed, and the ligature again tightened. 

After one or two days an examination of the living kidney was made. 
The animal was narcotized with urethane (2 grams per kilo), opened, and 
prepared in the usual manner for microscopic examination of the kidneys 
by reflected light. After the desired study had been made, the kidney 
was washed free of blood by perfusing Clark’s solution through the aorta 
at a pressure of 56 cm., according to the method of Bainbridge and Bed- 
dard. This was followed by an injection at the same pressure of a satu- 
rated solution of Berlin blue (Griibler) in Clark’s solution for 10 to 30 
minutes. The entire animal was then placed in absolute alcohol, and this 
was frequently changed. When it was desired to section the kidneys they 
were removed after a half-hour and transfer.ed to fresh absolute alcohol. 

Resutts. 1. Nussbaum’s results confirmed. In experiments such as 
are summarized in the following tabulation it was found that urine was 
excreted in response to intravenous injections of urea by kidneys which 
had been subjected to complete arterial ligation according to Nussbaum 
and Bainbridge and Beddard. 
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grams ec. cc. 
l 293 None None 48 
2 174 4 4.6 21 
3 222 4 18.9 22 
4 128 4 0.11 21 
8 (control) 169 4 33.4 24 


In experiments 2 and 4 hemorrhage occurred during the operation: there 
was no hemorrhage in experiment 3. Experiment 8 was a control in 
which the entire operation was performed without however tying the 
ligatures which had been placed about the renal arteries. 


2. Glomerular circulation after ligation of all renal arteries. In the above 


experiments and others like them the kidneys were exposed for examina- 
tion during life on the day following the operation. Despite the fact 
that all the renal arteries were found ligated, circulation was visible in 
glomeruli in the posterior pole of the kidneys (figs. 1 and 2). In experi- 
ment 1, in which no urea was injected, it was extremely sluggish; in 
experiments 2, 3 and 4 it was very vigorous. The only animal in which 


Figures. Diagrams of ventral views of the kidneys of frogs whose renal arteries 
were ligated. The arteries are indicated by stippling, the other vessels are veins. 
Arrows indicate the direetion of flow of the blood. 

ADR, adrenal gland; AO, aorta; BLA, bladder; FP, fold of peritoneum covering 
the posterior part of the kidney; JA, iliac artery; /MA, inferior mesenteric artery; 
LIG, effective ligature around posterior renal artery; L/G’, additional effective 
ligature to suppress collateral circulation; PC, posterior vena cava; PRA, most 
posterior renal artery; RPV, renal portal vein; RV, renal vein; UR, ureter. 

Fig. 1. Right kidney of frog 3. The fold of peritoneum is indicated unnaturally 
far posterior in this and in figure 2. In both figures the circles indicate glomeruli 
through whieh circulation was maintained. The squares indicate points at which 
pressure on the artery stopped circulation in the correspondingly numbered 
glomeruli. 

Fig. 2. Right kidney of frog 4. The artery on the fold of peritoneum is indicated 
by solid lines, but where it leaves the surface to connect with the kidney and with 
the ureter it is indicated with broken lines. 

Fig. 3. Right kidney of frog 12, showing the position of the additional ligatures 
used to suppress the major part of the collateral circulation. This circulation was 
completely suppressed at the posterior end, but more anteriorly blood entered the 
kidney as indicated by the arrows. 

Fig. 4. Both kidneys of frog 11. <A indicates the cross connection between the 
vessel on the wall of the ureter and the renal portal vein. When the inferior mes- 
enteric artery was clamped blood flowed into the kidney from the renal portal vein 


through this connection. The branches B are similar connections on the other 
side. The right kidney was supplied by the inferior mesenteric, while the left was 
supplied by a branch from the left iliac artery. 
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no glomerular circulation could be detected was one in which hemorrhage 
during and following the operation had been excessive and in which no 
urine was excreted into the bladder. 

The most posterior renal artery to each kidney is one of two branches 
of a single vessel arising from the aorta. Each of these after passing 
ventrally between the kidneys, turns onto the ventral surface of the kid- 
ney which its branches supply. Its main trunk, extending posteriorly 
on the ventral surface, leaves the surface near the posterior end and passes 
onto a fold of peritoneum overlying the posterior part of the kidney. 
Continuing posteriorly it gives branches to the ureter which, in the male, 
is here enlarged to form the seminal vesicle and to the peritoneum and 
mesentery which support the ureter. 

In the kidneys of frogs with ligated renal arteries blood was seen to 
be flowing in this main trunk of the most posterior renal artery in a 
direction the reverse of the normal (figs. 1 and 2). The artery was so 
enlarged that when first seen it was considered to be a vein, and this error 
was not revealed until the perfusion of the kidney and the subsequent dis- 
section. The blood passed from this vessel out through its branches in 
a normal direction into the afferent vessels and glomeruli. Blood from 
the ureteral vessels therefore reached the glomeruli through the posterior 
renal artery and its branches peripheral to the point of its ligation. 

When the kidneys were observed at the time of ligation of the posterior 
arteries, this reversal of flow was seen to occur at once; the flow was 
sluggish, and took place even if the other renal arteries were not ligated. 
In these freshly prepared animals the source of blood was a coarse net- 
work in the ureteral wall, which before ligation was supplied by the 
posterior renal artery. The day after-the ligation, however, there was 
a large channel carrying blood along the wall of the ureter from more 
posterior regions into the renal artery. 

The blood supply to the ureter was then examined. It was usually 
found that the ureter received blood from the aorta through a branch of 
the inferior mesenteric artery. That this is not the only possible source 
was shown by one animal (fig. 4) in which the right ureter was supplied 
as usual by the inferior mesenteric artery, while the left was supplied by 
a branch of the left iliac artery. In another animal the ureter was sup- 
plied by a branch from the wall of the posterior part of the rectum and 
in this there was flow in a reversed direction through the posterior renal 
artery. 

Evidence was obtained from two animals that renal portal blood may 
reach the posterior renal artery and glomeruli. In frog 11 (fig. 4) a 
rather large side branch in the wall of the ureter carried blood dorsally 
to the adjacent renal portal vein. Occasionally there was spontaneous 
temporary reversal of flow in this short connection, so that renal portal 
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blood entered the posterior renal artery along with the arterial. When 
the inferior mesenteric artery was clamped, blood flowed from the renal 
portal vein into the posterior renal artery. In another frog (no. 15) 
there was reversal of flow in one of the anterior arterioles. When the 
renal portal vein was clamped at the posterior end of the kidney the 
flow in the anterior arteriole was brought to a standstill, indicating that 
it had been supplied by renal portal blood. 

The basis of the collateral circulation supplying the glomeruli is there- 
fore the double arterial supply of the vascular bed in the wall of the 
ureter. When one source of arterial supply to this bed is stopped by liga- 
tion, the other source of blood furnishes its entire supply. Since between 
the ligature of the posterior renal artery and this vascular bed there are 
open branches passing into the kidney, the pressure relationships are such 
that the blood flows from the ureter into the posterior renal artery and 
out through its renal branches. In the course of several hours this 
pathway becomes modified so that relatively large channels are formed 
along the ureteral wall, in which the originally sluggish flow becomes 
rapid and pulsating. 

3. Effect of urea upon the collateral circulation. Since in these experi- 
ments, as in those of Nussbaum, urine was formed only after the injection 
of urea, it is important to examine the effect of urea upon the collateral 
circulation. In one animal subjected to the usual operation under 
urethane narcosis, the kidney was examined before any injections were 
made. The venous flow in the kidney was brisk and there was the usual 
sluggish reversed flow in the posterior renal artery. No glomerular circu- 
lation could be detected in the left kidney, and only three open glomeruli 
could be found in the right. The animal was then covered with moist 
cotton and allowed to remain undisturbed. An hour later no glomerular 
circulation could be seen. Four cubic centimeters of Clark’s solution 
were then injected intravenously, this being the volume of the urea solu- 
tion usually injected. There was marked increase in the rate of venous 
flow in the kidneys. Blood flow began again in two of the three glomeruli 
originally open in the right kidney; but in the left kidney the reversed 
flow in the posterior arteries remained sluggish and there was no glomeru- 
lar circulation. After another hour, in which no further change occurred, 
1 cc. of 30 per cent urea was slowly injected intravenously. This caused 
a partial cardiac arrest, with complete recovery in about nine minutes. 
One cubic centimeter of blood was then withdrawn from the abdominal 
vein. After 3 minutes, during which no blood was flowing in the ureteral 
vessels or in the posterior renal artery, sudden resumption of flow in these 
vessels occurred which soon became so rapid that it was difficult to detect 
the direction of flow. In the right kidney, flow in the posterior renal 
artery was more rapid than before injection, and rapid circulation became 
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visible in 5 glomeruli posterior to those in which circulation had originally 
been seen. This experiment shows that although a saline injection pro- 
duced an increase in the rate of venous blood flow, it failed to cause re- 
versed flow in the posterior renal artery. When urea was injected blood 
flow in the collaterals became much more rapid and more glomeruli were 
opened to circulation. 

In two similar experiments aortic and renal portal blood pressures were 
measured before and after the urea injections. After recovery from tem- 
porary partial cardiae arrest, which occurred despite very slow injection, 
the great increase in rapidity of reversed flow occurred, together with 
increase in the number of glomeruli in which blood was flowing; aortic 
pressure, however, was lower than before the injection of urea; saline 
injection, on the other hand, increased the aortic pressure with no effect 
on the collateral circulation. Urea must, therefore, dilate the small ves- 
sels of the ureteral wall. 

4. Effects of ligation of the collateral vessels. The space between the 
posterior pole of the kidney and the ureter is covered by a sheet of peri- 
toneum which carries branches of the posterior renal artery which con- 
stitute the chief anastomoses with the ureteral vessels (fig. 3). In three 
experiments these vessels, as well as all the renal arteries, were ligated, 
urea injected and the frogs kept in an oxygen atmosphere. The results 
were as follows: 


Frog 12. No urine excreted in 48 hours following the operation. Marked edema. 
Direct observation at the end of 48 hours showed circulation in only 5 visible glom- 
eruli in both kidneys. A small section of the right kidney was receiving blood 
through a branch of the posterior renal artery connecting with the ureteral vessels 
at a point anterior to the separation of the ureter from the kidney (fig. 3). There 
was no hemorrhage during or after the operation. 

Frog 13. No urine in 48 hours after operation. Marked edema; weight before 
operation, 249 grams; 48 hours after, 299 grams. No glomerular circulation visible. 
Slow reversed circulation in one branch as in frog 12. 

Frog15. Fourteen cubic centimeters of urine in 44 hours. Edema: weight before 
operation, 198 grams; 44 hours after, 238 grams. The ligature on one artery to 
the anterior part of the kidney was found to be loose and normal arterial circula- 
tion was present in two visible arterial branches in the middle of each kidney. 

In a fourth frog oniy the vessels between the posterior pole of the kidney and 
the ureter were ligated, the renal arteries remaining open, in order to make sure 
that the ligatures did not obstruct the ureter. Sixty-seven cubic centimeters of 
urine were obtained in 46 hours. No edema developed. 


These experiments show that when all renal arteries are ligated and, in 
addition, the collateral circulation which we have described is stopped 
urine is not excreted in amounts sufficient to be detected by catheteriza- 
tion or examination of the exposed bladder. 

5. Perfusion and injection of ligated kidneys. Beddard pointed out the 
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fact, which our experience confirms, that after ligation of the renal arteries 
the glomerular capillaries become plugged with clotted blood. When, at 
the end of an experiment, the animal with ligated renal arteries was per- 
fused with saline via the aorta the entire anterior and middle portions 
of the kidneys were seen to be dotted with infarcted glomeruli and many 
of the arterioles appeared as red lines. In the posterior part, however, 
particularly under the fold of peritoneum which covers this region, the 
arteries and the glomeruli were washed free of blood. But in the animals 
in which the collateral circulation had been suppressed by additional 
ligatures, the glomeruli of the posterior pole were infarcted. In these, 
however, at the level where the ureter begins to be embedded in the 
kidney tissue there was still a narrow zone in which the glomeruli were 
washed free of blood during the perfusion. This corresponds to the area 
whose collateral blood supply could not be ligated as in frog 12, above 
(fe. 3). 

The total number of glomeruli in which circulation is maintained after 
ligation of the renal arteries cannot of course be estimated by inspection 
of the ventral surface of the kidney. Estimates based on serial sections 
however have shown that in one experiment at least 900 glomeruli in the 
posterior part of each kidney were supplied by the collateral circulation 
which we have described. 

Bainbridge and Beddard decided that in their experiments all glomeru- 
lar circulation had been abolished because no glomeruli were stained by 
an aortic perfusion of Berlin blue. We regard this method as unreliable, 
having found that many glomeruli in the posterior pole of the kidney, 
from which the blood had been washed out by saline perfusion which 
reached it via the collateral vessels, were not stained by the subsequent 
perfusion with Berlin blue. We attribute this to the minuteness of the 


anastomosing vessels and the viscosity of saturated Berlin blue solutions. 


The following experiment is illustrative: 


Frog 4. All renal arteries ligated; collateral vessels not. Twenty-one hours 
later, 0.11 ce. urine was taken from bladder. Aortic perfusion with Clark-Ringer 
cleared all of the vessels (including glomeruli) of the posterior pole of the kidney. 
Saturated Berlin blue was then perfused at 56 em. pressure for 35 minutes. Flow 
into the kidney was scanty, hence after 25 minutes, 1 ec. of 30 per cent urea was 
injected into the perfusion stream and the posterior pole of the kidney together 
with the ureter was bathed in 30 per cent urea solution. Perfusion flow increased, 
more vessels in the wall of the ureter became patent, the posterior renal artery, 
peripheral to its ligature, distended and the dye solution appeared to pass into 
the kidney. 

Serial sections of the posterior part of the kidney were made and examined. 
Only 16 per cent of the glomerular sections contained dye; less than 4 per cent con- 
tained more than a trace of dye in a single capillary loop. 

As a control the vessels of frog 9, in which no renal arteries were ligated, were 
similarly perfused with saturated Berlin blue solution for 2 minutes only. Serial 
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sections of the posterior part of the kidney showed that 85 per cent of the glom- 
erular sections contained dye; 74 per cent contained traces of dye in more than 
one capillary loop or a large amount in a single loop. 


These data show that after arterial ligation, the injection of the glomeruli 
in the posterior pole with dye was far from complete, even though they 
were clearly accessible to the saline perfusion fluid. Not only were rela- 
tively few glomeruli stained, but those which were showed for the most 
part merely a single fleck of dye in their sections, which might easily have 
escaped observation if low powers of magnification were used. 

In experiments similar to those just cited it was found that fluid gained 
access to the glomerular capillaries through the efferent vessel. In an- 
terior parts of the kidney, where the glomeruli remained plugged with 
blood clots following the perfusion, blue dye was seen in the capillary 
loops between the clot and the endothelium. The afferent vessel was 
filled with blood and contained no dye: the dye-filled efferent vessel was 
traced in the serial sections to the capillaries. The injection must have 
occurred therefore by way of the renal portal system. 

I wish to express my deep appreciation to Dr. A. N. Richards for his 
aid and suggestions during the course of the work and the preparation of 
the manuscript. 


SUMMARY 


1. In this series of experiments the observations originally made by 
Nussbaum on R. esculenta and confirmed by Bainbridge and Beddard 
for R. temporaria have been confirmed for R. catesbiana. a. Ligation of 
all the renal arteries results in cessation of urine elimination. 6. Injec- 
tion of urea after ligation of all the renal arteries results in resumption 
of urine elimination. 

2. Contrary to the belief of those investigators the excretion of urine 
which follows injection of urea into frogs whose renal arteries are ligated 
is conditioned upon the establishment of collateral circulation which 
effectively supplies the glomeruli of the posterior parts of both kidneys. 
The existence of the collateral circulation was demonstrated by direct 
observation of rapid reversed blood flow in the main trunk of the posterior 
renal artery and active circulation in the glomeruli supplied by it, as well 
as by the observation that the glomeruli of the posterior pole of a kidney 
whose arteries are ligated can be perfused from the aorta. 

3. The collateral circulation is derived from one of the two divisions 
of the normal arterial supply to the ureter; viz., a branch either of the 
inferior mesenteric or of the iliac artery. The other division of ureteral 
supply is the posterior renal artery and this is ligated in the Nussbaum 
experiment. 

4. Under the influence of urea, but not spontaneously or from saline 
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injection alone, the peripheral ureteral vessels are so dilated that the 
peripheral distribution of the ligated posterior renal arteries, including its 
glomeruli, is provided with effective blood supply. As many as 900 
glomeruli in the posterior pole of one kidney have been counted as having 
received blood by this pathway. 

5. When the collaterals between the ureter and the kidney as well as 
all the renal arteries are ligated no urine is excreted even after the injec- 
tion of urea. 


6. Absence of glomerular staining after perfusion with saturated Berlin 
blue is not trustworthy evidence that glomerular circulation is abolished 
by ligation of the renal arteries. 

7. The elimination of urine after ligation of the renal arteries as de- 
scribed by Nussbaum and Bainbridge and Beddard was not, we believe, 
the result of tubular activity. 
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experiments upon the electrical activity of the higher brain centers in 
animals maintained under some form of anesthesia and held in a restricting 
holder have raised the question as to how this activity can be compared to 
that of the normal unrestrained animal. The present study was under- 
taken in the attempt to obtain potentials directly from various cortical 
surfaces while the cat was under dial anesthesia and when it was completely 
unanesthetized and unrestrained. This included 1, a technique for main- 
taining electrodes in the skull so that records could be repeated over several 
days on the same animal; 2, simultaneous recording from four heterologous 
regions of one hemisphere; 3, comparison of the simultaneous activity from 
bilaterally homologous areas; 4, controlled conditions of specific and 
generalized stimulation; 5, a comparison of results from both monopolar 
and bipolar methods of recording, and 6, complete autopsies with micro- 
scopic sections through the regions beneath the electrodes. 


Tecunique. Electrodes. Fine silver electrodes were used made of wire 0.5 mm. 
in diameter rounded to a small ball on one end by heating, and insulated except for 
the extreme end by combined coatings of Duco Household Cement and flexible col- 
lodian. Insertion of the electrodes was carried out under surgical dial anesthesia 
with complete aseptic precautions. Following reflection of the skin and subeutane- 
ous tissues, straight sided burr holds (1.5 mm. diameter) were made through the skull 
over predetermined cortical areas. Care was taken not to injure the dura. The 
rounded ends of the silver wires were inserted through the holes to the surface of the 
dura and secured by sterile wooden wedges which were then cut flush with the skull 
surface. All wires were led posteriorly and fastened in one or more places to the 
muscle sheath, connective and subcuticular layers reapproximated over the wires, 
and the skin sutured with the Halsted subcuticular stitch. 

Ten to twelve electrodes could thus be fixed in the skull with the ends of the wires 
emerging through the skin as far down on the neck as compatible with free head move- 
ment. A sterile dressing covered the wound, which healed completely except for 
that portion of skin through which the wires emerged. Litz wire leads approximately 
100 cm. in length were soldered to the ends of the silver wires, bound into a cable, and 
fastened to a harness and leash so that all of the leads could be plugged in at once and 
still allow the animal free movement to the extent of the leash. After complete 
recovery from the dial the cat did not show any annoyance from these attachments. 


1 Research supported by a grant from the Rockefeller Foundation. 
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At the close of the ¢ xperime ntal pe riod (7 to 10 days) the animal was periused wit! 
saline and 10 per cent formalin. Autopsies showed that infection had never spre 
bevond the immediate vicinity of the open wound. Electrode positions were checked 
by measurement and by cellophane tracings of the skull, dura, and cortex Need 
punctures through the burr holes served to localize the electrodes for histologi 


study of the brain tissue which gave more precise knowledge of the region, the c+ 


structure, and condition of the cortex. Although in a few placements depressions of 


the cortex were visible ,1n no case was there anv abnormality of cell structure d 


le te 
the presence of the electrodes 

Electrode place ments Pairs of ¢ le etrodes, 2to 5mm apart, were plac edonenct 
four heterologous regions in one hemisphere supplemented by electrodes on bilater 
ally homologous areas or set unilaterally in varying relationships to the four pairs 
No atte mpt has been made to obtain the outside limits of an area but rather we have 


restricted ourselves to a ¢ omparison between animals of as nearly comparable piss 


kig. 1. Composite diagrammatic representation of the cortical areas from whiact 
potentials were recorded in seven cats The regions are taken as representatl 
1, the motor; 2, the sensory; 3, the auditory, and 4, the visual areas 
ments as possible Area 1 has been confined to the sigmoid and coronal gyri, are 
to the anterior and medial suprasyvivian gvri, area 3 to the region bounded by 
suprasylvian sulcus, including mainly that between the ectosvlvian sulei1, and area 4 
to the posterior lateral gyrus For convenience of reference, the terminology 


motor, sensory, auditory, and visual areas has been used interchangeably 


+} 
tor 


] 
designated regions 1, 2, 3 and 4 respectively. Stimulation by condenser discharges 


of the electrodes in place gave no movement response from any region except area | 
the reaction obtained varying from limb to neck and face movements in the different 
animals No effect of direct stimulation of the sensory electrodes was observed eve 
when subsequent autopsy showed them to have been placed slightly anterior to the 
suleus ansatus 

Recording techniques and apparatus All records were taken with the anima 
resting on a cushioned chair in an electrically shielded, sound proofed roon Phe 
controls of all stimuli together with the recording svstem were placed in adjacent 
shielded rooms Auditory stimuli (500 to 2000 eyvcles at 20 to SO db. above humat 


threshold), visual stimuli (7 millilamberts direct and flickering light), and tactual 


t} 


he light flicker 
being recorded with a photo cell. Independent simultaneous recording from four 


i 
stimuli were all signalled on the record as they were administered 


| brain regions was possible through four completely inde pe ndent condenser ¢ ouple d 
push-pull amplifiers connected to a four element Westinghouse Type P-A Oscillo- 


| 
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graph The over-all sensitivity of the recording system was constant for all fre- 


quencies between Land 1200 cycles. 
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Fig. 2. Variations in states of general activation as represented by cortical electro- 


grams. All records obtained with monopolar leads from 1, the motor; 2, the sensory; 
3, the auditory, and 4, the visual areas. Negativity on the cortex is represented by 


an upward deflection. 


A and B: Activation records obtained 1 week postoperatively during moderate (A) 
and intense (B) excitement (cat box effect, see text). C: Activity obtained with 
subsequent relaxation of the same animal asin A. D and E: 24 hours after surgical 


dial anesthesia. E follows D by 90 seconds during which time visual and auditory 


stimuli were administered. Note the increased frequency in all areasin F: Same 


animalas D and EF completely relaxed (asleep) 18 hours following dial 


Resuuts. Resting activity? (a) Postoperative anesthesia. Studies were 


completed on seven cats. Eighteen to thirty hours postoperatively, when 


2We have used resting and spontaneous to designate that activity present when 


no stimulus deliberately introduced may be neld immediately responsible for the 


pattern observed. 
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the animal was still anesthetized with active reflexes but little spontaneous 
movement, there was continuous activity at rather constant amplitude, 
interrupted occasionally by alternating trains of high and low amplitude 
potentials. The prominent frequencies ranged from 5 to 15 per second 
with amplitudes of from 60 to 150 microvolts, although frequencies of 3 to 
4 per second were not uncommon in the visual area and 20 to 35 per second 
were also present, most markedly in the auditory region. Superimposed 
frequencies tended to be multiples of the major rhythms, but there was no 
simple relationship between the amplitude of a slow frequency and that of 
its multiples. The outstanding characteristic of the activity was the 
relative lack of change over periods of several hours if the animal was not 
deliberately disturbed (fig. 2D). 

(b) Unanesthetized animal. Beginning with the return of spontaneous 
movement (usually by the second or third postoperative day) the poten- 
tials became more variable from moment to moment.’ Apparently asso- 
ciated specifically with states of complete relaxation or sleep, large slow 
irregular potential changes, often 100 to 200 microvolts in magnitude, were 
observed. Periodic interruptions of the slow irregular rhythms by regular 
waves at a frequency of 12 to 15 per second made this type of cortical 
activity very similar to that recorded from the human cortex during sleep 
(fig. 2) (Jasper, 1936). 

Often appearing simultaneously in all regions lower amplitude potentials 
(30 to 50 microvolts) at frequencies of 20 to 50 per second replaced the 
slower rhythms for short periods of time unrelated to any known stimulus 
or visible change in the animal. When persisting for more than a few 
seconds, however, these more rapid potentials were definitely correlated 
with increased restlessness or alertness, preparation for movement, or 
movement itself (Derbyshire et al., 1936; Travis, 1936). A gradual change 
to and prolonged continuation of this activation pattern‘ (fig. 2 A and B) 


3 Although complete recovery from dial anesthesia could not be said to have oc- 
curred at this time, potentials similar to those to be described were recorded during 
the remainder of the experimental period. 

4 The word activation is used in place of ‘“‘excitation’’ previously employed (Jas- 
per, 1936) to denote any stimulating conditions which tend to arouse the animal to 
activity or increased neuromuscular tension which gives the impression of alertness 
This is in conformity with the well founded criticism of Fessard (1936) of the use of 
excitation state relative to those conditions which affect the rhythmic discharge of 
isolated neurones. In some of these records associated with moderate degrees of 
activation of the animal the larger amplitudes, rhythms of for example ten per 
second, might be replaced by lower amplitude potentials at frequencies of 20, 30 or 
40 per second appearing as multiples of the slower resting rhythm. With the most 
extreme activation the slow rhythms drop out completely and no fast rhythms can be 
detected other than the slight fuzziness of the line seen superimposed upon the slow 
potentials previous to activation. This complete blocking of rhythmic electrical 
response is comparable in all respects to that observed for the occipital alpha rhythm 
in man in response to visual stimulation. (See also Rempel and Gibbs. 1936.) 
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while the animal was apparently resting comfortably was so regularly 
associated with the subsequent need for elimination (often delayed as 
long as 10 to 15 minutes after the onset of the activation record) that 
“cat box effect”? became a laboratory expression. It provided a striking 
demonstration of the association of this pattern with internally initiated 
stimuli of a disturbing or activating nature. 

Transitions from the slow random potentials to the activation record 
were often abrupt. Progressive changes between the two, however, 
showed periods during which more or less regularly repeated frequencies 
from 8 to 15 per second (usually with amplitudes of 50-100 microvolts) 
appeared in all regions (fig. 2C). These potentials resembled the human 
alpha rhythm in form, especially in the motor and sensory areas, and were 
less readily differentiated specifically from those observed in the anesthe- 
tized animal than were either the activation record or the slower potentials 
characteristic of sleep. The electrogram was observed only when the 
animal was known to be awake (eyes partly open) and was easily dis- 
turbed by stimuli. It might be considered as representing an intermediate 
state between the conditions of marked activation and sleep. 

Bioelectric and architectonic differentiation. Despite the wide variation 
in bioelectrical activity which occurred in all regions, under certain condi- 
tions distinct electrograms were obtained from different cortical areas. 
Although we could not readily differentiate between the records from the 
pre- and postcentral areas, under dial anesthesia and, to a lesser extent, 
in the resting unanesthetized cat there were distinct differences between 
the bioelectric patterns of activity from the sensory-motor, sylvian and 
occipital regions (fig. 2 C,D,E). In the dialyzed animals the regional 
electrograms seemed to be characteristic and fairly constant although there 
appeared to be no pattern which was unique to a given area. In the 
normal resting animal the patterns of the areas were different at a particu- 
lar instant but later, while there were still differences in the potentials, the 
pattern previously occurring in one region might be found in a widely 
separated region. There was no differentiation between areas when the 
activation pattern was present (fig. 2 A and B). Under all conditions 
there was more differentiation with bipolar leads. 

No attempt has been made to relate such differences to the limits of 
architectonically distinct areas. The relative constancy of the regional 
electrograms obtained under dial anesthesia and the essential similarity 
between bilaterally homologous areas suggest a possible correlation with 
structure and function of the cortical fields represented (Kornmiiller, 
1935, 1937). In view of the variations in activity which tend to obscure 
any regional differences which may exist, especially in the normal animal, 
a functional differentiation seems as probable as one based upon cyto- 
architectonic structure. 
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increase the Trequency and regularity The complete block was seldom 
seen. ‘These effects had a variable lateney of approximately 50 to 100 
milliseconds and seldom lasted for more than 1 or 2 seconds. 


Although regional differences in response were observed no stimulus used 


affected only one region. For example, a sound stimulus which repeatedly 


produced a definite increase in frequency and regularity in the potentials 
from the auditory region greatly decreased the amplitude of the motor and 
sensory potentials (fig. 3A). Tactual stimulation produced (in some cases 
increased frequency and regularity of potentials in the sensory-motor 
region with depression or little change in the activity of other regions. 

With repeated stimulation there often occurred at approximately the 
same time an increase in the frequencies from all regions (fig. 2, compare 
with D). The effeet usually lasted for 1 to 2 minutes with a gradual return 
to the slower rhythms during a period of rest. 

(b) Unanesthetized animal. In the normal unanesthetized animal an 
effective stimulus produced the activation electrogram (fig. 3 B and C 
With the exception of the following of the frequency of a flickering light 
by the potentials of the occipital area (fig. 3 D) independent of the activ- 
itv of the rest of the cortex, only isolated indications of localized responses 
were observed The responses had similar latencies but were of longer 
duration than those observed in the dialized animal. Continued stimula- 
tion often produced an activation electrogram lasting for many minutes 

Within the narrow range of variation employed no constant relationship 
Was seen between the absolute intensity of the stimulus and the magnitude 
of the response. On the other hand there appeared to be a correlation 
between the extent or spread of cortical response to any stimulus and the 
degree of activation of the animal This was observed not only in the 
comparatir e effects of the same stimulus on the potentials of the anesthe- 
tized and unanesthetized cats but also in the duration of the activation 
record and the ‘extent of cortical area involved. When the animal re- 
sponded overtly to the stimulus, 1.e., by raising the head or subsequent 
movement, the high frequency, low amplitude electrogram or the apparent 
blocking of all rhythmic activity appeared simultaneously in all leads and 
continued for 10 to 15 seconds or longer. Less obvious disturbance was 
usually accompanied by a shorter lasting effect and a less complete blocking 
during which the previous activity of one or more regions might continue 
unchanged. An animal which at. first responded maximally to a given 
stimulus might subsequently (when very relaxed) show no disturbance, 
visible or electrical, to the same intensity of stimulation. A similar lack 


5 Tn one experiment (the series of films recorded on one day) sound stimuli gave 
rise, after a delay of 0.3 to 3 seconds, to large slow waves almost convulsive in char- 
acter in the auditory region alone, accompanied by complete blocking of the slow 
rhythms in the other areas. 
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of effect was observed from stimuli introduced when an extreme activation 
record was present. Such variation in the responses of the normal anima! 
suggests that the more transient and localized effects produced in the dia- 
lized cat by stimuli of the same absolute intensities may be explained on 
the basis of less intense activation due to the anesthesia. If such is the 
case it should be possible, on further investigation, to determine conditions 
of stimulation under which the cortical potentials of the normal cat will 
also show differential regional responses. 

In general in both the normal and anesthetized animals the occipital 
area reacted less often in accord with the other regions while the motor 


and sensory records showed simultaneous response to the majority of 


stimuli given. This synchronism between the pre- and postcentral areas 
is in accord with other experimental evidence of the interrelationship of 
these regions (Dusser de Barenne, 1916). 

“Evoked” potentials. ‘“On’’ and occasional “off” effects were observed 
in response to stimuli in both the anesthetized and unanesthetized cats. 
Although the responses varied considerably and at different times from the 
same regions resembled all of those pictured by Gerard, Marshall and Saul 
(1936), the most usual form was that of a diphasic or triphasic wave fol- 
lowed by a positive and often prolonged negative after potential. The 
peak of the first deflection fell usually from 50 to 100 milliseconds after 
the stimulus, while the total duration of the response might be from 200 to 
500 milliseconds or longer. The “off” effect, observed infrequently, was 
similar to the first part of the “on” response and appeared about 80 to 
100 milliseconds after the end of the stimulus. These times are somewhat 
longer than those obtained by Bartley (1934) for light stimuli. An inter- 
pretation of the significance of the slow afterpotentials has been attempted 
in a previous publication (Jasper, 1936). 

Discussion. Our results may not be in fundamental disagreement with 
those of Kornmiiller (1935, 1937) and others who find localized response to 
afferent stimulation (‘“‘Feldaktionsstréme’’) and characteristic patterns of 
spontaneous resting activity (‘‘Feldeigenstréme’’). referable to definite 
cytoarchitectonically differentiated corticai areas. If the bioelectric 
pattern of the cortical surface is determined primarily by the cytoarchi- 
tectonic structure immediately beneath one would not expect to find 
completely distinct types of resting activity from separate areas since the 
differences in cell structure are more or less -tatistical in nature, the 
cytoarchitectonic areas being based upon the predominance and organiza- 
tion of certain types of cells rather than upon completely specific units. 
This probably explains why the differences in bioelectric activity which 
can be detected under certain conditions are not clearly distinct patterns 
composed of elements found only in one region but are due rather to a 
predominance of a given type of activity and to the sequence of potential 
rhythms. 
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It is rather difficult to understand the cytoarchitectonic determination 
of patterns of bioelectric activity when this activity, under certain condi- 
tions, appears exactly the same in all regions, and each region shows varia- 
tions so great as to overlap and to make quite insignificant any consistent 
differentiation according to cortical area. These changes appear to be 
definitely associated with different conditions of activation of the cortex 


due to specific or generalized excitation. Since different excitatory condi- 


tions as well as different cytoarchitectonic structures must certainly exist 
within the cortex, we do not feel that it is possible at present to evaluate 
properly which is more important in determining the pattern of sponta- 
neous bioelectric activity. 

The fact that specific forms of electrical response to a given stimulus 
may be, under certain conditions, very definitely localized while changes in 
the electrical activity of all regions are observed in response to any afferent 
stimulus which is sufficiently disturbing to the animal illustrates in a 
striking manner both the localized and mass functions of the cortex 
(Lashley, 1933; Gerard, Marshall and Saul, 1936). 

All cats showed slow rhythms which disappeared under certain conditions 
of activation. This suggests that the absence of slow rhythms in some 
human subjects may be due to similar or analogous functional conditions. 
The tendency for the slow rhythms to be replaced by low amplitude poten- 
tials at frequencies which are multiples of those characteristic of the slow 
rhythms indicates a desynchronization process. However, the complete 
absence of detectable electrical activity, except for the slow potential 
swings (called ‘“after-potentials” above), immediately following intense 
afferent stimuli suggests genuine arrest, temporarily, of the rhythmic 
activity of the cortical neurones since it does not appear probable that such 
a complete absence of the more rapid discharges together with the slow 
potential swings could be due to changes in synchronization. There may 
be a depression of activity or “‘inhibition’’ during the slow positivity as 
has been shown by Eccles (1935) for the cervical ganglion and by Gasser 
(1935) for the spontaneously firing phrenic nerve. There may also be a 
blocking of rhythmie activity (“‘inhibition” of the Wedensky type) during 
the slow negativity (Jasper, 1936). These changes which control to some 
extent the rhythmic discharges of the individual neurones may be basic 
to their change in synchronization with adjacent cells. 

The wide spread of activation from one cortical region to another, prob- 
ably involving both cortical and subcortical conduction pathways, differs 
from the narrow spread found by Adrian (1936) due in some degree to lack 
of anesthesia but primarily to the fact thet we were dealing with sustained 
effects of afferent stimulation rather than to immediate effects of direct 
electrical stimulation. Our results favor Adrian’s interpretation of cor- 
tical potentials as related to rhythmically firing central neurones of long 
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time characteristics, their activity depending to a large extent upon local 
excitatory conditions and not directly upon the integrity of self-exciting 
neurone chains (Lorente de N6, 1933; Bishop and O'Leary, 1936). 


SUMMARY 


Small silver electrodes were fixed in the skull so as to make contact on 
the dura over the motor, sensory, auditory, and visual cortical areas 
Flexible leads were brought out through the skin in such a manner as to 
permit the animals to recover completely from the operation and engage in 
normal unrestrained activities while at the same time records could be 
taken directly from the cortex over a period of several days. Histological 
studies of the brain regions over which the electrodes were placed served 
to control the accuracy of localization and histological structure of the 
areas used as well as to show that records were taken from normal brain 
tissue. 

The results from simultaneous records of the activity of four different 
cortical areas with both monopolar and bipolar recording may be sum- 
marized as follows: 

1. The pattern of cortical activity in the partially dialized and in the 
normal undisturbed cat was characterized by more or less regular rhythmic 
potential changes at frequencies from 3 to 15 per second. 

2. Bilaterally homologous areas showed essentially similar bioelectrical 
activity. 

3. Some fairly consistent differences in pattern of activity from the 
anesthetized animal could be identified with different cortical fields, but 
the variations in activity of each region in the normal cat were so great 
that bioelectric differentiation appears to be primarily related to differen- 
tial states of activation rather than to specific cytoarchitectonic structure 

4. The greatest similarity of resting activity and response to afferent 
stimulation was found between the sensory and motor areas. 

5. The electrogram from all regions was characterized by low amplitude 
higher frequency potentials when the animal showed behavioral indications 
of being generally aroused or activated due either to controlled external 
stimuli or internal organic states. Relaxation was associated with a return 
of the slower rhythms while the pattern characteristic of sleep was similar 
to that described for man during sleep. 

6. The electrical response of the cortex to afferent stimulation included 


“on” and “off” effects and slow positive and negative after-potentials 


associated with depressions of rhythmic activity as well as changes in 
frequency and amplitude of the spontaneous potentials. 

7. Changes in the electrical activity of all regions of the cortex usually 
followed a single effective afferent stimulus although the changes. in a 
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given region could be more intense and of a different form than those in 
other regions. 


We wish to acknowledge with gratitude the most valuable assistance of 
Dr. Howard Andrews throughout this study. 
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Direct quantitative studies on the effect of heat on blood flow in the 
intestine have never been recorded. The fact that heat locally applied 
to a part increases the rate of blood flow has been established chiefly by 
qualitative and indirect quantitative observations. It has been observed 
by direct measurement that heat applied externally to a limb of an ani- 
mal increases the blood flow through the femoral vein (1). In this 
study we have directly measured the effect of heat applied to the lumen 
of the small intestine and colon on the rate of flow of blood from the 
treated segment. In addition, the effect of this treatment on lymph 
flow and the production of succus entericus has been determined. 

Metuops. Heat was applied at various levels of the gastro-intestinal 
tract of dogs by means of an Elliott Treatment Regulator. In essence 
this apparatus consists of a thermostatically controlled water bath and 
an electrically driven pump which circulates the water through a tubular, 
soft gum rubber, slightly distensible applicator. The applicators are 
interchangeable so that the size and shape can be varied to conform 
with the organ to be treated. 

Experiments on blood flow. All of the experiments were performed on 
heparinized dogs under pento-barbital anesthesia. Ten dogs were used 
to determine the effect of heat on the blood flow from an isolated loop of 
small intestine and eight were used to make similar measurements on the 
colon. 

The procedure was as follows: a femoral vein was cannulated and con- 
nected to a paraffin-lined funnel by means of an oiled rubber tube. This 
was to serve as a means for returning blood to the animal. A loop of 
small intestine or colon was exteriorized and then isolated so that all 
of the blood from the part to which heat was to be applied returned by 
way of a single vein. In the case of the small intestine this was accom- 
plished by choosing a segment of such length that it was drained by one 


1 This investigation has been aided by a grant from the Council of Physical Ther- 
apy of the American Medical Association. 
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vein. In the colon studies all venous channels except the inferior mesen- 
teric vein were ligated. A drainage tube for the collection of intestinal 


juice and a thermometer for ascertaining the temperature of the intestinal 
fluid were purse-stringed into the lumen at the distal end of the segment 


and the cylindrical rubber applicator, filled with tepid (37.7°C.) water, 
was inserted and secured at the proximal end. The applicator was of 


such size that it snugly filled the lumen of the segment. Heparin (10 
15 mgm. per kilo) was then injected into the systemic circulation and the 
vein draining the segment was cannulated. Additional heparin was given 
every thirty minutes to insure against coagulation. The cannula was 
connected by means of an oiled rubber tube with a graduated paraffin- 
lined cylindrical collecting tube equipped with inlet and outlet side arms. 
A cannula with a lumen comparable to that of the distended vein was 
used. This step in the procedure was carried out with sufficient rapidity 
to avoid significant blood loss and venous congestion. 

The blood was permitted to flow into the collecting tube, rapidly drained 
into a paraffin-lined beaker, and returned to the dog by way of the funnel 
attached to the femoral vein. It was thus possible to maintain a con- 
tinuous flow of blood with no significant decrease in the circulating blood 
volume. The collecting tube was placed at a slightly lower level than the 
segment of intestine to minimize the resistance to the flow of blood. This 
hydrostatic effect was constant in all experiments. The intestine was 
kept moist and at body temperature. Under these circumstances the 
isolated segment of intestine maintained its normal healthy appearance 
for the duration of the experiment. 

The volume of blood collected varied from 30 to 50 ce. depending on 
the size of the dog. The rate of flow was determined by measuring 
with a stop watch the time required for each collection. The total volume 
of blood collected during each 15 minute period was also recorded. Col- 
lections were continued and measured in this manner throughout the 
experiment. 

The rate of flow was determined during a control period lasting for 
30 minutes or longer. After establishing the basal flow the heat treat- 
ment was started. The water was circulated through the applicator at 
an initial temperature of 46.6°C. During a period of about 15 minutes 
the water was raised to 52.2°C. and maintained for the duration of an 
hour. Other experiments were performed with the water temperature 
at 54.4°, 55.5°, and 57.7°C. Following the period of application of heat, 
collections were continued for 1 hour to determine the post-treatment 
rate of flow. In 3 control experiments continuous collections were made 
without the application of heat, but with the applicator in place. In two 
instances the heat treatment was extended to 1.25 and 2.25 hours. The 
effect of a second heat treatment following the 1 hour post-heat interval 
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was also investigated. The rectal or vaginal, and subcutaneous tempera- 


tures were noted at intervals during the experiments. 

Experiments on lymph flow. The results obtained on 21 dogs are in- 
cluded in this series. In 4 dogs heat was applied to the lumen of the 
stomach and lymph was collected from the thoracic duct. The remain- 
ing 17 dogs were used to determine the effect of heat on lymph flow from 
the lacteals. a. To study the effect of heat on lymph flow from the 
lacteals, five hours after a small fat meal the dogs were anesthetized. 
A loop of jejunum was exteriorized through a midline incision and the 
cylindrical rubber applicator was inserted and secured with a purse-string. 
The lacteal draining the segment was cannulated with a small glass can- 
nula having a lumen comparable to that of the lacteal. The rate of 
lymph flow was followed for 2.5 hours. In 7 of the dogs continuous 
collections of lymph were made without the application of heat. In 
the remaining 10 the effect of heat was determined. The heated water 
was circulated through the applicator during the second hour of the 
experiment. The water temperature was 52.2°C. in 9 experiments and 
57.7°C. in one. In one experiment the heat was reapplied at the end of 
the 30 minute post-heat interval and maintained for an additional 30 
minutes. 0b. To study the effect of heat applied to the stomach on tho- 
racic duct flow, a round balloon applicator 7 cm. in diameter was secured 
in the lumen of the stomach with a purse-string suture in 4 dogs. The 
thoracic duct was cannulated in the supraclavicular region and the rate 
of lymph flow was measured over a 2.5 hour period. The heat was ap- 
plied throughout the second hour of the experiment at a temperature of 
§2.2°C. 

Resutts. Experiments on blood flow. As a rule the basal rate of flow 
remained fairly uniform during the control period. In the control experi- 
ments in which no heat was applied the rate of flow gradually decreased 
over the 2.5 hour period. This is illustrated by the composite curve 
of the results obtained on 3 dogs shown in figure 1. In the same figure 
is shown the composite curve of the results obtained on seven dogs treated 
with the temperature of the water in the applicator at 52.2°C. The 
increase in blood flow resulting from the application of heat is evident 

The results in table 1 show the extent of individual variation that oc- 
curred in the case of the small intestine. The results on the colon are 
also shown, but are averaged because the individual variation in response 
was small. Regardless of the individual variations, the application of 
heat always produced a sustained increase in blood flow that lasted 
throughout the heat treatment and well into the post-heat period. The 
maximum increase occurred during the last 30 minutes of the heat 
period. In some experiments the blood flow was approximately quad- 
rupled and in others it was approximately doubled. It should be pointed 
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out that the values in the table do not take into account the gradual 
decrease in the rate of flow that would occur without the application of 
heat. When this decrease is considered, the increased blood flow pro- 
duced by the heat is more sustained than the values in the table would 
indicate. This is evident when the curves in figure 1 are inspected. In 
the animals reported in table 1 and figure 1, the treated segment was 
grossly normal at necropsy. Microscopically it was found that small 
scattered areas of mucosa were denuded of epithelium and erythrocytes 
were present in the tissue spaces. 

In heat treatments of more than 1 hour duration (52.2°C.) the maxi- 
mum effect on blood flow was obtained during the first 45 minutes; the 
effect was then sustained throughout the remainder of the treatment. 
Even when the heat was applied for 2.25 hours no grossly demonstrable 
injury was present in the segment. When the heat was reapplied at the 
end of the 1 hour post-heat period, a second increase in blood flow com- 
parable to the first was obtained. 

Body temperatures taken rectally or vaginally, and subcutaneously 
during the course of the heat treatment, failed to show any consistent 
change. The body temperature sometimes rose or fell slightly indicating 
that our experimental procedure was not deleteriously influencing the 
results. This should be expected, since on transferring the blood from 
the mesenteric to the femoral vein some cooling of the blood occurred. 

The temperature of the mucosa of the segment was not directly re- 
corded. However, the thermometer in the lumen of the segment recorded 
the temperature of the intestinal juice. The temperature of the intestinal 
juice, when the temperature of the applicator was 52.2°C., was never 
more than 1.6°C. higher than the rectal temperature. The highest 
temperature recorded in the intestinal juice was 39.5°C. This indicated 
that the heat of the applicator in contact with the mucosa was rapidly 
dissipated by the increased blood flow in these experiments. Without 
doubt the temperature of the cells in the mucosa and of the blood in 
the villi was elevated considcrably more than 1.6°C. 

Abnormal effects. In one experiment on the intestine, in which the 
temperature of the water in the applicator was held at 52.2°C., the ap- 
plicator chosen was of sufficient size to distend the intestinal segment 
slightly. In this experiment the intestinal fluid became blood tinged 
and the mucosa was grossly damaged at post-mortem. In three other 
experiments on the intestine the temperature of the applicator was raised 
to 54.4°, 55.5°, and 57.8°C. In these experiments the increase in blood 
flow was less than observed at 52.2°C. (fig. 2). In the first two experi- 
ments the intestine was grossly injured. In the latter (57.8°C.) the in- 
testine was not grossly injured. This was ascribed to the fact that the 
intestinal segment was not “rounded out”? by the applicator. Because 
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of the muscular response of the colon segment to the irritation of the 
applicator, difficulty was experienced in selecting an applicator that did 
not produce injury at a temperature of 52.2°C. In five experiments on 
the colon injury occurred, and, as in the case of the intestine, the increase 
in blood flow was not as marked as when no injury resulted. In fact, 
after about 45 minutes the blood flow decreased below the control rate. 
Thus, if the applicator at a temperature of 52.2°C. mechanically distended 
the segment or even caused the colonic or intestinal segment to contract 
vigorously, injury of the mucosa resulted and the vascular response was 
abnormal. Obviously this method does not provide data indicating the 
exact temperature at which the intestinal or colonic mucosa is damaged, 
a question that does not immediately concern the problem under investi- 
gation. 

The secretion of succus entericus was markedly stimulated by the heat 
in all experiments except one. Average values obtained in the seven 
uncomplicated experiments on the small intestine were as follows: control 
(preheat) period, 0.7 ce. per hour; one hour heat period, 10.8 ce. per hour; 
post-heat period, 10.0 ec. per hour. 

Experiments on lymph flow. The effect of heat on lymph flow from the 
lacteals was determined by comparing the rate of flow in 7 untreated 
dogs with that in 8 dogs treated at 52.2°C. and in which gross injury did 
not occur. Composite curves of the results obtained in each series are 
shown in figure 3. It is apparent that a temperature of 52.2°C. has no 
significant effect on the volume of lymph flowing from the treated seg- 
ment of intestine. The curve shown in figure 3 indicates a slight decrease 
in the rate of flow during the heat period. However, since in some of 
the experiments there was a correspondingly slight rise, we feel that the 
change was insignificant. 

The total volume of lymph collected during the 2.5 hour experimental 
period varied, from 0.25 cc. to 5.5 ce. The marked variation would be 
anticipated, since there is no uniformity in the size of lacteals draining 
corresponding segments of intestine in different animals. There was no 
definite relationship between the size of the dogs and the size of the 
lacteals. Some of the larger volumes of lymph were collected from rela- 
tively small animals. In all of the animals a periodic variation in the rate 
of flow was observed. No increase in lymph flow occurred when the 
temperature of the applicator was 46.6°C. 

Increasing the temperature of the water to 57.7°C. in one dog also 
resulted in no change in lymph flow. At autopsy the intestinal mucosa 
of this dog was grossly normal. 

An experiment was performed in which an applicator was used which 
slightly distended the intestinal segment. The temperature of the ap- 


plicator was 52.2°C. An increase in the rate of lymph flow occurred at 


HEAT, AND BLOOD AND LYMPH FLOW FROM ALIMENTARY TRAC 203 


the end of 42 minutes of heat treatment; this persisted throughout the 
remainder of the experiment. When the rate of flow increased, the lymph 
became clearer. An additional 30 minutes of heat treatment was in- 
stituted at the end of the post-heat period. The rate of flow increased 
still further and the lymph became blood tinged, thus definitely establish- 
ing the presence of tissue damage. At necropsy the intestine of this 
dog was found to be grossly injured. The results obtained in this experi- 
ment are shown in figure 4. 

Heat (52.2°C.) applied to the lumen of the stomach failed to modify 
the rate of flow of thoracic duct lymph in the 4 dogs studied. The tem- 
perature of the applicator was 52.2°C. In all of the dogs the rate of 
flow tended to fluctuate, but there was no correlation between the fluctu- 
ations and the application of heat. During the first hour, the flow for 
the 4 dogs averaged 0.271 ec. per minute; during the second hour, it aver- 
aged 0.266 cc. per minute; and during the last thirty minutes, it averaged 
0.280 ec. per minute. 

Discussion. The phase of this investigation concerned with blood 
flow requires little discussion. It is generally agreed that locally applied 
heat induces an active hyperemia. Therefore the observed circulatory 
effects were qualitatively predictable. However the magnitude of the 
response could not be anticipated. These results have established that 
the increased blood flow produced by the application of heat to the 
intestine or colon is of appreciable magnitude. This probably accounts 
for the apparent relatively great heat tolerance of the gastro-intestinal 
mucosa. Temperatures that would be destructive to the skin were ap- 
plied to mucous membranes, in this study, with no ill effects, unless some 
factor was present which interfered with venous return. The markedly 
augmented blood flow, coupled with an initial abundant blood supply, 
could readily dissipate the heat and thus prevent an appreciable elevation 
in tissue temperature. This is borne out by the fact that in no instance 
was the temperature of the intestinal secretion within the lumen of the 
treated segment raised more than 1.6°C., in which experiment the initial 
temperature of the juice in the segment was 37.9°C. 

However, if the applicator distended the colonic or intestinal segment, 
or if the segment contracted forcibly upon the applicator, an applicator 
temperature of 52.2°C. produced gross injury of the mucosa. Again, if 


the applicator was relatively small, even an applicator temperature of 
57.8°C. in one instance failed to cause gross injury. This indicates the 
important rdle that the blood flow plays in the dissipation of the heat. 
If venous return were reduced by distention or contraction of the segment, 
the the heat of the applicator (52.2°C.) was adequate to cause injury. 
The rédle that blood flow plays in dissipating heat applied to the skin 
has been pointed out by Bazett (6). However, the exact temperature at 


204 J. M. BEAZELL, C. R. SCHMIDT AND A. C. IVY 


which the proteins of the cells of the intestinal and colonic mucosa are 
coagulated remains to be determined. 
From a practical viewpoint our results show that if proper precautions, 


both as to the applicator size and shape and as to the contractile response 


of the viscus to be heated are observed, the temperature in the applicator 
may be safely raised to 52.2°C. without causing gross injury to the colonic 
and intestinal mucosa. Higher applicator temperatures are not safe. 

The effect of heat applied to the parietes on lymph flow has been 
studied by a number of investigators. In 1894 Starling (2) noted that 
when a dog’s foot was kept in water at 60°C. for 5 minutes the rate of 
flow of lymph was increased. Field, Drinker, and White (3) found that 
a significant increase in lymph flow does not occur until the temperature 
of the water into which a dog’s foot is submerged is raised to 50°C. In- 
direct evidence accumulated by other investigators supports this observa- 
tion. As a result Drinker and Field (4) have concluded that an active 
increase in lymph flow does not occur until the increased capillary perme- 
ability produced by heat has become a pathologic process. This conten- 
tion is supported by the results obtained in this study. The only experi- 
ment in which an augmented lymph flow was noted was the one in which 
injury was produced. 

It is of interest that the increase in the secretion of succus entericus 
coincidental with the increase in blood flow was not accompanied by an 
increased lymph flow. This is similar to the observations on the sub- 
maxillary glands (5). 


SUMMARY AND CONCLUSIONS 


Heat was applied to the lumen of isolated segments of the small in- 
testine and the colon at temperatures ranging from 52.2° to 57.7°C. by 
using a specially devised hollow rubber applicator. Under these cir- 
cumstances the rate of flow of blood through the treated tissue was 
markedly augmented, unless the mucosa was injured. In some experi- 
ments the rate of flow was doubled and in others it was quadrupled. This 
procedure had no measurable effect on the rate of flow of lacteal lymph. 
However, the secretion of suecus entericus was markedly augmented. 

Temperatures of 52.2°C. were applied to the lumen of the stomach 
without effecting the flow of lymph from the thoracic duct. 

Burns occurréd in 3 out of 4 experiments in which the applicator tem- 
perature was 54.4°C. or more. When the temperature was maintained 
at 52.2°C., burns occurred only when the applicator was of such size 
that it distended the segment, or caused it to contract vigorously. The 
contractile response of the colon rendered it more sensitive than the small 
intestine to the injury produced by the heat of the relatively too large 
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applicators. Injury resulted in a decrease in blood flow and an increase 
in lymph flow. 
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The establishment of the adult circulation involves the functional sepa- 
ration of the systemic and pulmonary circulation and the obliteration of 
the placental circulation. Our understanding of these changes is based 
largely upon our interpretation of structural relationships. Experimental 
data are deficient. 

From the fact that the ductus arteriosus shunts the blood between the 
two circuits it has been assumed that the systolic pressures are very similar 
in the two ventricles. The only experimental verification of this con- 
jecture is that of Pohlman (1) who inserted similar pipettes into the two 
ventricles and observed that the two pipettes filled at similar rates. 

Concerning the relative volumes of the pulmonary, systemic, and 
placental streams, the evidence is contradictory. Arguing from the 
relative sizes of the lumina of the respective arteries, these three streams 
are said to be nearly equal (2). The experimental evidence, however, 
demonstrates that the fetal pulmonary stream is much smaller than the 
systemic. Pohlman (1), and later Kellogg (3), injected starch granules 
into the venae cavae and found them in equal numbers in the blood of the 
two ventricles. Obviously the left ventricular blood was not diluted by a 
large pulmonary stream. 

“To conceive of a capacious but virtually unused vascular plexus 
developing in the growing lungs—ready at the instant of birth to receive 
a suddenly re-routed current of blood carried to the lungs for oxygena- 
tion’? (2)—may well smack of teleology. Teleological also would appear 
the substitute notion (2) that the fetal lungs receive a stream of blood 
large enough to measure up to the size of their vessels and incidentally to 
support respiration after birth when so large a stream would seem to be 
out of all proportion to the metabolic needs of the lungs. Indeed it is 
hard to escape, in this field, that which has an “odor of teleology.”’” One 
thing seems certain—the word should not be used as an epithet for hypoth- 
eses we are prematurely discarding. 


1 Now with the State Board of Health, Jacksonville, Florida. 
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We are here presenting data as to pressure relationships which will put 
us in a position to evaluate the anatomical data from a physiological 
viewpoint. 

APPARATUS AND PROCEDURE. observations were made by the 
“hypodermic manometer’ described elsewhere (4 It gives an accurate 
photographic record of pressure pulses In cavities or vessels within the 
undamaged body. These cavities or vessels can easily be entered by a 
small hypodermic needle connected to the manometer and as soon as 
entry is made the pressure within registers itself, even to its most rapid 
fluctuations, upon MoV ing photographic surtace 

With two of these manometers we attempted to record simultaneously 
the pressures in the right and left ventricles of fetuses 

The experimental animals were pregnant dogs or rabbits as near term as 
possible. They were anesthetized with ether and morphine, neonal o1 
amytal. The fetuses were delivered through the abdominal wall. In 
case of the rabbits the placentae slipped off during delivery but the dogs 
placental attachment could be maintained, often, throughout the whole 
procedure. 

As soon as the membranes had been stripped off the fetus was placed 
upon its back ona small board firmly held immediately above the maternal 
incision. The fore and hind legs of the fetus were fixed to the board with 
strong rubber bands and the two manometer needles were inserted through 
the chest wall and into the right and left ventricles. Autopsies were per- 
formed to determine that the needles had entered the cavities intended 
Where this had not occurred the records were discarded. Calibrations 
against a mercury manometer showed that the pressures could be read to 
within 2 0r3 mm. Hg. 

Blood pressure relationships before breathing. In figures 1,2. and 3 are seen 
several curves from dog and rabbit fetuses. Pressures in the premature 
fetuses are lower than in those that are at term. Systolic pressures in the 
right ventricle are about as high as those in the left ventricle. Blood 
therefore may be passing from the ductus arteriosus to the aorta at each 
heart beat. The diastolic pressure in the right auricle is the same as or 
higher than in the left auricle. Caval blood then fills the right ventricle 
and a mixture of caval and pulmonary blood fills the left ventricle. | Pres- 
sure relationships are such that, as the ventricle fills, the foramen ovale is 
not closed and there may be a stream of some force passing from right to 
left. 

Blood pressure relationships while clamping the umbilical cord. In 
figures 6 and 7 are similar tracings taken during the clamping of the dog's 
cord. In these observations and many others there was no alteration of 
the even course of the intraventricular pressure pulsations. Either the 
flow had been shut off by previous constriction of the umbilical artery or 
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Fig. 3. Ventricular pressures in rabbit fetus at term. Curves as in figure 1 
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Fig. 4. Ventricular pressures in same fetus after breathing has started. Curves 


is in figure | Blood pres 


expiration, R. 24/3, L. 30 


sures at end of inspiration, R. 16/1, L. 28/0; at end of 


3; heart rate 240 Average of several respiratory eveles 


I « 


big. o. Ventricular pressures in rabbit fetus after breathing has started. In part 


of the reeord the needle pe 


through the septum and in 


end of inspiration, R. 26/-1, 


Fig. 6. Ventricular pres 
below indicates clamping « 
Fig. 7. Same after resp 


pressure, R. 50/0, L. 5000 


nt was in the right ventricle and in part it was p ished 
to the left. Confirmed at autopsy Blood pressures at 
L. 33/-1; at end of expiration, R. 34/1, L. 36/0. 

sures in dog fetus. Curves as in figure 1. Short mark 


‘ord Heart rate, 60; blood pressure, R. 45/4, L. 45/2. 


iratory attempts have started Heart rate, 240; blood 


} A 
3 
— 
| 


BLOOD PRESSURES IN THE FETUS 200 


the simultaneous shutting off of arterial and venous streams when the cord 
was Clamped left the net cardiac work unchanged. We rather think that 


1] 


in spite ol precautions and all possible Spee d we did not sucee sstully shield 


the cord from such stimuli (e.g., cold) as normally shut off its arterial flow 
5 \lore careful experiments are in order 
Blood pressure re lationships du ing ea ly breat} ng The heart and intra 


thoracic blood vessels including the pulmonary capillaries are to be re 
garded as elastic containers surrounding fluid which is essentially incon 
pressible and inexpansible. Consequently every change in pressure which 
occurs In the thoracic cavity will be immediately transmitted to the blood 
within the thorax. This means that during the first inspiration where the 
lungs are stretched and the intrathoracic pressure is reduced the pressure 
within each ventricle is directly reduced by the same amount. The pres 
sure goes up and down during the heart cycle but at a lower level \- 
soon as the respiration is over the level returns more nearly to its origi 
value 

These periodic fluctuations in pressure affect the peripheral resistance o 
the two circuits to a different degree. The capillaries and arterioles of the 
systemie circuit are in the main unaffected by changes in intrathoraci 
pressure while those of the lung are pulled by the lower intrathoraci 
pressure away from their contents giving the blood.a freer way throug 
them. While the lungs are collapsed the right ventricle has to work 
against atmospheric pressure and the viscous resistance of the solid lung 
\fter the lung is expanded the heart works against a pressure that is less 
than atmospheric somewhere between atmospheric pressure and intra 
thoracic) and against the elastic resistance of the capillary walls backed up 
by alveolar air rather than by the relatively solid pulmonary tissue of thi 
collapsed lung. 

Thus we would argue that the lowering of the intrathoracie pressure 
lowers pressure in both ventricles direc tly and in addition further lowers the 


rressure in the right ventricle indirectly by changing the peripheral re 
| | 


sistance, For references see 6, p. 644 

Our records indicate that this conception holds true rom figures 4 
and 5 it is seen that the diastolic pressures in both ventricles and the lett 
systolic pressures drop about the same amount on Inspiration Phas is 
due to the direct effeet of lowered intrathoracic pressure The 


pressure in the right ventricle, however, drops during inspiration three on 
four times as far. This is due to the indirect factor mentioned above 
These conclusions are confirmed by records from ans other fetuses whic 
are very sunilar to those in figures 4 and 5 

The facet that Inspiration lowers the systolic pressure in the arteries of 
the lesser circulation to a greater extent than it does the pressure in thi 
aorta requires explanation. If the ductus arteriosus were open to flow 
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from the aorta to the pulmonary artery pressures in the two would be 
equal. In dogs and rabbits, at least, the ductus arteriosus is valve-like 
Phere isa pair ol flaps rabbit) or a single flap dog) which are competent 
to stop the back flow of perfused saline from aorta to ductus but allow its 
free flow from ductus to aorta. Sketches of these struetures are seen in 
figures 9 and 10 as compared with an ordinary arterial branching, figure 8 

Our records testify to the competence in life of this valve-like structure 
in the dog and rabbit fetus. The ductus can pass blood freely from right to 
left, but as is true with the foramen ovale, cannot pass it from left to 
right. These two valves then trap blood in the systemic circuit until the 


pressure gradient between the systemic and pulmonary circuit keeps them 


Aorne Arch 


Ductus Arternosus 


Aorne Arch ™ » 


8 Ductus Arieriosus 
\ 


Opening of Mesenteric Artery 


hig. 8. Opening of mesenteric artery from aorta in full term dog fetus. 

kig. 9. Opening of duetus arteriosus into aorta in full term dog fetus. Note 
valve-like membrane guarding opening. 

Fig. 10. Longitudinal section through opening of ductus arteriosus into aorta in 
full term rabbit fetus. One of the two valve-like flaps is shown 


permanently closed. After they have been functionally closed for a while 
adhesions form and the closures usually become “anatomical.” 

Relationships in the newborn. The newborn rabbit, figure 11, that 
has breathed successfully for a few hours, has a systemic arterial (left 
ventricular systolic) pressure which is maintained well above the pul- 
monary arterial pressure (right ventricular systolic). A permanently 
negative intrathoracic pressure has apparently been established and the 
systemic peripheral vasomotor tone has been augmented. The pressures 
in the two auricles as indicated by the diastolic pressures are about equal 
and the foramen ovale is probably functioning occasionally. 


Re lationships in the two-day rabbit. In the two day old rabbit illus- 
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trated in figure 12 the left auricular pressure has come well above the 
right. We suggest that this is because the left heart is responding to its 
increased work, according to Starling’s law, with increased dilatation. The 
increased dilatation is consequent upon increased filling pressure and this 
in turn serves to close the foramen It will probably remain closed until 
adherent Later hypertrophy of the left) ventricle will eliminate the 
necessity for dilatation and increased left filling pressure so that the adult 
relationship of similar auricular pressures in right and left heart will be 
attained Intraventricular pressures the unoperated adult range 
rather widely around the following figures: rabbit, L. 140 0 —-R. 25 0: 
dog, L. 180/0—R. 35/0 

It should be « mphasized that in accordance with modern conce ptions of 


eardiae physiology a ventricle will hypertrophy if it works harder How- 


A A «a - - A 
Fig. 11. Ventricular pressures in newborn rabbit. Curves as in figure 1. Blood 


pressures (average) at the end of inspiration, R. 20/1, L. 30/1; at the end of expira 
tion, R. 23/1, L. 40/1° heart rate, 220 


Fig. 12. Ventricular pressures in two-day-old rabbit. Curves as in figure 1 


Blood pressures at the end of inspiration, R. 18/0, L. 27/2; at end of expiration 
R. 20/4, L. 47 11; heart rate 270 


ever, 1t will work harder only if it is filled fuller either by residual blood left 
from previous incomplete contractions against a heavy load or by increased 
venous inflow. An increased filling requires an increased filling pressure 
Thus it is difficult to explain even the beginning of hypertrophy of the left 
heart as compared to the nght without postulating different filling pres- 
sures to the two hearts, and consequently an early functional closure of the 
foramen ovale. 

Conditions in the human fetus are different in that blood may flow 
either way in the ductus arteriosus. There are no valve-like flaps to guard 
the aortic opening of the human duetus. Perfusion of the aorta with 
saline under physiological pressures, resulted in a divided stream. The 
larger volume issued from the descending aorta and a much smaller volume 
flowed back through the ductus arteriosus. 

Lowered pulmonary resistance, upon the establishment of a negative 
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intrathoracic pressure must necessarily cause the ductus stream to flow 
from aorta to pulmonary artery. What causes the stream to stop and the 
human ductus to close appears to be an unanswered question. It cannot 
be merely an inherent tendency on the part of the developing ductus to 
close against hydrostatic forees because, if the hydrostatic forees are large 
enough as in congenital stenosis of the aortic or pulmonary ring, the ductus 
may remain patent throughout life. On the other hand, it cannot be a 
gradual diminution of the difference in hydrostatic pressure at the two 
ends of the ductus because systemic and pulmonary pressures in all prob- 
ability gradually grow apart as the chest expands and the systemic blood 
pressure builds up. The ductus ordinarily closes against and in spite of 
this stream, because it is its nature to do that particular thing if the force 


of the stream is not too great. 


SUMMARY 


Intraventricular pressures were taken from the right and left ventricles 
of immature and mature dog and rabbit fetuses immediately upon delivery, 
when the umbilical cord was clamped, when the fetus first breathed, and 
during the first two days of independent life. 

1. Right and left ventricular pressures were similar before breathing 
begins. They were less in the immature fetuses than in the mature. 

2. Clamping the cord produced little or no change in right or left 
ventricular pressure. 

3. Inspiration lowered right ventricular pressure more than left. 

$. Pressure relationships were such that one must postulate an early 
functional closure of the foramen ovale and ductus arteriosus in’ these 


species. 
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A peculiar syndrome, in many ways suggestive of catalepsy, has been 
observed in cats following a one-stage operation in which the rostral regions 
of the cerebral cortex were bilaterally removed. Catalepsy has been 
defined as a state in which there are sudden suspensions of voluntary 
motion, lowered sensibilities, and a high degree of plasticity of the somatic 
musculature. By virtue of such plasticity, the limbs of an individual will 
retain a passively-induced posture for long periods of time. 

The observations on animals herein described were made on both acute 
and chronic preparations. Six animals were observed over periods ranging 
from one to two weeks; four animals over periods of two to four weeks; and 
three animals over periods of ten to twelve weeks. 

Mertuops. All operations were carried out aseptically under Nembutal 
anesthesia (pentobarbital sodium, 0.2 grain per pound). As a rule, the 
bony roof of the frontal sinus was first removed, the naso-frontal ducts 
securely blocked with a bony plug, and the sinuses dried with gauze sponges 
moistened with Merthiolate (alcoholic solution, 1:1000). The bony 
covering of the rostral part of the cranial vault was then removed, the 
posterior wall of the frontal sinus rongeured away, and the dura incised 
so as to expose the surface of the rostral one-fourth of the neo-cortex. 
Bilateral surgical removal of the neo-cortex lying rostral of a point two to 
three millimeters behind the medial tip of the ansate sulcus was achieved 
in the following manner. With the aid of a sharply-pointed scalpel, an 
initial incision was directed laterally as far as the caudal part of the orbital 
sulcus. This incision was from three-sixteenths to one-fourth of an inch in 
depth. A narrow, thin-bladed spatula was then used to elevate the cortex 
lying anteriorly. This cortical zone was then carefully undercut, the inci- 
sion being carried forward and somewhat downward. The isolated slab of 
cortical tissue was then elevated and removed. The complete removal of 
the gyrus proreus was not always achieved, but as a rule its upper half, at 
least, was destroyed (figs. 9 and 11). Good hemostasis was secured, follow- 
ing which the corresponding cortical region on the side opposite was simi- 


1 Aided by a grant of the National Research Council. 
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larly removed. ‘The temporalis muscles of the two sides were drawn up 


along the two walls of the skull and fastened by silk sutures extending 
across the midline of the dorsal surface of the intact skull. Following 
closure of the wound with metal clips, a subcutaneous injection of 100 cc. 
of sterile saline solution was administered to each animal. It was then 
placed in a warm compartment, free of draughts. 

Observations were recorded approximately twenty-four hours later and 
repeated almost daily for the first two weeks. The status of the animals 
became fairly constant after this interval of time, but additional observa- 
tions were recorded from time to time thereafter. 

OBSERVATIONS. The outstanding abnormality as observed in these 
animals was the presence of plasticity in the somatic musculature, by 
virtue of which an animal could be made to assume abnormal postures for 
long periods of time. When these animals were placed upon their backs 
in a wooden trough-like arrangement, plasticity of the limb musculature 
and of the muscles of the back could be especially well demonstrated. Such 
plasticity was always most pronounced during the first week or two follow- 
ing operation. <A definite deficiency in the ability to initiate and maintain 
movements of the extremities such as, for example, might be employed in 
the act of walking, was apparent throughout the survival periods of all 
animals. These animals always appeared rather negative in their general 
emotional reactions. If, for example, they were confronted with a barking 
and snapping dog, they for the most part seemed quite unconcerned and 
never reacted in the fashion typical of a normal animal under the same 
circumstances. Their reactions to ordinarily painful stimuli, such as 
pinching the tail, were likewise subnormal. <A very definite deficiency in 
certain of the righting reactions was always observable and could be 
easily detected in all of the animals by applying appropriate methods of 
testing. If, for example, they were dropped from their backs into an out- 
stretched canyas, they either did not right themselves at all, or the reac- 
tion was delayed and incomplete. 

(reneral behavior. The general impression of stolidity characterized the 
appearance of these animals. Their reactions to environmental situations 
were always rather negative. They usually stood about the room in some 
absurd posture staring rather vacuously at their surroundings. Their 
responses to painful stimulation were decidedly subnormal. Many ani- 
mals, especially during the first week or two of their survival, failed to show 
the slightest reaction to pinching of the tail. Sometimes they would 
utter but a feeble cry. In the later part of their survival periods, severe 
pinching of the tail often produced movements of a weakly defensive 
nature, such as a turning of the body partially around in a semi-crouching 
position, together with a rather ineffectual effort to use the forelimbs de- 
fensively. In two animals, a very moderate erection of the hair with 
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moderate pupillary dilatation was observed after severe pinching of the 


tail. This was several weeks after operation, and these two animals 
under these circumstances could be made to “hiss” rather weakly. Re- 
peated observations of all animals gave the impression, however, that the 
expression of emotion in terms of activity of the sympathico-adrenal 
mechanism was subnormal. 

These animals did not lick their coats or otherwise care for themselves. 
One animal, however, was observed after a survival period of several weeks 
to occasionally lick the hair at the base of the neck. Usually, this act was 
inefficiently performed, the licking motions of the tongue being carried out 
without actually touching the hair at the base of the neck. 

For a week or more following operation, feeding by stomach tube was 
usually necessary. Many animals required artificial feeding throughout 
their survival periods. One animal, still living, has been fed by tube for 
ninety-three days. When an animal could be induced to eat voluntarily, 
it was usually necessary to place the food receptacle directly in front of it 
and often its snout had to be dipped into the food dish. Food was thrown 
into the mouth by a peculiar “licking” motion of the tongue. Frequently, 
they would suddenly stop eating, walk through their food dishes, come to a 
halt, look stupidly about, and need to be returned by the observer to the 
food receptacles. Their appetites seemed exceptionally good, however, 
and when proper circumstances were provided, they ate with evident relish. 

Plasticity. During the first one or two weeks, the animals demonstrated 
a remarkable plasticity of the limb and back musculature. This could be 
best demonstrated if the animal was placed in a supine position with the 
back of the head resting against the bottom of a wooden trough. Although 
all animals always showed a definite tendency to assume a “curled up” 
position when laid on their backs, they would lie utterly motionless follow- 
ing application of gentle pressure requisite to place them fully on their 
backs in the trough. 

Here they would lie, breathing slowly and regularly, eyes usually open 
and following the observer, for long periods of time. As a rule, the limbs 
would be in the extended position (fig. 4). There was good resistance to 
passive flexion of the limbs, and the limbs retained the flexed position. 
If, later, they were passively extended, there was good resistance to passive 
extension, the limbs remaining extended throughout the period of quietude 
of the animal. 

The hind limbs could be carried over the fore part of the body by passive 
elevation of the pelvic region, and the animals would retain a very bizarre 
postural attitude (fig. 8). Various types of other peculiar attitudes could 
also be passively imposed (fig. 7). Such attitudes would sometimes be 
maintained for hours, certainly in what would be a very uncomfortable, if 
not painful posture, for a normal animal. 
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After the first one to two weeks, it became less easy to induce an animal 
to lie quietly in the supine position. But if after placing an animal upon 
its back, the head was gently restrained, it would lie quietly making no 
attempt whatever to escape from the trough. In the later survival periods, 
the limbs would as a rule be semi-extended when the animal was placed 
upon its back. There was fair resistance to passive flexion of the limbs 
and they usually maintained a semi-flexed position. Likewise, there was 
a fair resistance to passive extension of the limbs and good maintenance of 
the semi-extended positions. 

In thefirst week of the survival periods, most animals could be ““moulded”’ 
into odd postures when in the upright position on the floor. For instance, 
if the observer widely abducted all limbs of an animal, when either crouch- 
ing or standing, the limbs would remain in this very abnormal position for 
long periods of time. If, instead, the forelimbs were passively abducted 
and the hindlimbs passively extended forward beneath the animal, such a 
posture might also be maintained for considerable periods (fig. 2). Various 
other modifications of posture could frequently be imposed at will on the 
crouching or standing animal (figs. 1, 5 and 10). 

Motor initiative. Observations made upon these animals suggest that 
there may be a deficiency or an impairment of those volitional elements 
having to do with the initiation and maintenance of such normal acts as 
walking and running. It has been mentioned that these animals may 
stand for hours at a time in one posture, whether passively imposed or 
voluntarily assumed. Under these circumstances, animals have been 
repeatedly observed to rather abruptly shift their centers of gravity for- 
ward as if in preparation for walking, only to suddenly relax, apparently 
lacking the volitional element requisite to walking forward. After several 
abortive attempts, these animals succeed in walking forward, even though 
their gait is not perfectly normal. Once engaged in walking, these animals 
finally come to a halt with rather striking suddenness, the limbs remaining 
in abnormal positions. To the observer it appears as if there was a sudden 
inhibition of some factor necessary to continuous performance. When, 
again, these animals have been placed in a supine position, motor per- 
formance has been utterly repressed for long periods. But, suddenly and 
without warning, these animals may extricate themselves from this posi- 
tion, turning over on their sides, assume an upright position, and walk 
vigorously for several steps. Then, they may halt suddenly, their limbs 
remaining fixed in positions suggestive of the walking posture. 

To assume that volition plays a part in the normal acts of walking and 
other motor performances, is not to suggest that the act of walking or motor 
performance is necessarily dependent upon a cortical mechanism in the 
normal animal. For it has been shown and amply verified by many 


investigators that the act of walking is largely carried out by reflex mecha- 
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Figs. land2. Passively imposed posture of cat, three days after operation 
Figs. 4and 6. Showing position of cat in trough following passive extension and 


passive flexion, respectively, of extremities 
Fig. 3. Position in hammock, showing extensor position of limbs 


Figs. 5,7,8 and 10. Showing various passively induced postures 


Figs. 9 and 11 Brains of two cats, showing extent of cortical rer 


— 
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nisms operating at subcortical levels. That the cortex may exert a modify- 
ing influence on such reflex behavior seems evident in the light of the 
observations herein reported, 

Hypertonus without plasticity. All animals when supported in a canvas 
hammock exhibited a marked extension of the limbs and as a rule made no 
attempt whatever to escape (fig. 3). In this device, an animal is so sup- 
ported that the ventral body surface rests upon a stretch of Canvas, the 
limbs hanging downward through properly-arranged openings. A normal 
eat, When placed in such a hammock, usually shows a flexion of all limbs 
and will struggle to free itself. Regardless of the length of the survival 
period, an extensor rigidity of the limbs was observed in the animals herein 
considered when they were placed in the hammock. When upward pres- 
sure was applied to such limbs, the animal was usually raised out of the 
hammock. If, however, one hand was placed over the shoulders or dorsal 
pelvie region, the fore or hind limbs might by upward pressure be passively 
flexed against a very good resistance. Upon releasing the upward pressure, 
however, there was always an immediate re-extension of the limbs. 

This failure of all limbs to maintain a passively-flexed position under 
these circumstances argues against the presence of plasticity in the flexor 
muscles of the limbs. This phenomenon is certainly in marked contrast 
to the plastic character of the limbs when the animal is in the supine 
position. The vigor with which a passively-flexed limb is re-extended 
when the animal is resting in the hammock certainly argues against the 
existence of plasticity in the extensor muscles. It is entirely possible that 
the immediate resumption of an extended position of the limbs following 
passive flexion is dependent upon some reflex activity initiated by sensory 
stimulation of the body wall. 

Discussion. Ranson and Ingram (1932) and Ingram, Barris and Ran- 
son (1936) have observed cataleptic symptoms in cats following restricted 
lesions in the retro-mammillary region. Ranson and Ingram (1932) pointed 


out that their animals “exhibited an increased muscle tonus of an extremely 
plastic type by virtue of which they would assume and maintain any 
posture in which it pleased the experimenter to mould them. The plas- 
ticity could be especially well demonstrated when the cats were resting on 
their backs in a shallow trough. If the limbs were passively flexed, they 
remained flexed. If passively extended, they remained passively extended 
indefinitely, and considerable resistance was required to return them again 
to the flexed position. In spite of this marked resistance to flexion, which 
Was as great as any seen in the best decerebraté preparations, the limbs, 
when they had once been passively flexed, exhibited no tendency to extend 
themselves. These cats... were much more plastic than any decerebrate 


preparations which we have examined.” 


When it is remembered that the above description refers to animals with 
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injuries to the retro-mammillary region, it is evident that there is a simi- 
larity between the behavior of such animals and those in which the rostral 
portions of the cerebral neo-cortex have been removed. However, in the 
animals observed by the above investigators, there were many evidences 
of somnolence, a symptom which was lacking in the animals under con- 
sideration in the present report. 

Fulton, Jacobsen, and Kennard (1932) reported observations on two 
monkeys from which had been removed in one stage all cortical tissue 
anterior to the excitable motor area; that is, all cortical tissue anterior to 
Brodmann’s area 4. These investigators reported that within one or two 
days after operation both animals began to show perseveration, slowness 
of movement, and striking retardation in the initiation of movement. 
They pointed out that these animals also showed forced groping and grasp- 
ing, which they believed to be a sign of a much more profound underlying 
disturbance, involving difficulty in the initiation of voluntary movements, 
perseveration, and the diminished ability to execute highly skilled move- 
ments. In reporting the post-operative behavior of one of these monkeys, 
it was stated that during the first few days it would stand for hours at a 
time with head slightly depressed, gazing vacantly into space, and that all 
purposeful movements were noticeably slow in starting during the first 
three weeks. 

From a comparison of the above description of monkeys deprived of all 
cortical tissue anterior to Brodmann’s area 4 with cats deprived of almost 
all of the more rostral regions of the neo-cortex, it appears that there are a 
number of similarities. It should be emphasized that the cataleptic ele- 
ment of plasticity of the musculature is best demonstrated in cats following 
a one-stage operation for removal of the rostral portion of the neo-cortex. 
Although the differences which exist with reference to plasticity of the 
musculature of the extremities between uni-laterally and _ bi-laterally 
operated animals will be the subject of a later report, it might be well to 
point out that while there is some evidence of a low-grade plasticity of the 
contra-lateral extremities following uni-lateral removal of the rostral por- 
tion of the neo-cortex, it is not neerly as marked nor as lasting as after 
bi-lateral cortical destruction. 

One might suspect that many of the symptoms of cataleptic behavior 
which have been described herein for cats following bi-lateral one-stage 
removal of the rostral portion of the neo-cortex were due to hemorrhagic 
involvement of brain-stem structures. While such an opinion is plausible, 
the most careful examination for evidences of hemorrhage at the time of 
autopsy of the greater number of this series of animals failed to reveal any 
evidences of hemorrhagic involvement of the brain-stem or of blood within 
the ventricles. Furthermore, all thirteen of the animals in the present 
experiments showed the same qualitative symptoms, there being only 
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slight quantitative differences. The nature of the symptoms was a con- 
stant finding in all animals regardless of their period of survival, even 
though quantitatively there was some diminution in the second, third, and 
fourth weeks. <A further study of animals lacking more restricted areas 
of the cerebral neo-cortex is now in progress, in the hope that such observa- 
tions will serve to delineate more precisely the cortical areas concerned in 
the very peculiar character of the symptoms of animals described in the 
present report. 


SUMMARY 


Bilateral one-stage removal of the rostral portions of the neo-cortex of 
cats results in a group of symptoms closely resembling catalepsy. A high 
degree of plasticity of the musculature of the extremities and back char- 
acterizes this condition. By virtue of such plasticity, these animals may 


be moulded into very abnormal postures and attitudes which are retained 
for considerable periods of time. The ability of these animals to maintain 
or initiate movement of the extremities seems definitely subnormal. 
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